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Monty Python and the Holy Grail

BEDEVERE: Quiet, quiet. Quiet! There are ways of telling whether she is a witch.
CROWRD: Are there? What are they?
BEDEVERE: Tell me, what do you do with witches?
CROWD: Buuuurn them!
BEDEVERE: And what do you burn apart from witches?
CROWD: More witches!... Wood!
BEDEVERE: So, why do witches burn?
CROWD: B’cause they’re made of wood...?
BEDEVERE: Good!... So, how do we tell whether she is made of wood?
CROWRD: Build a bridge ou’ of ’er!

BEDEVERE: Aah, but can you not also build bridges out of stone?... Does wood
sink in water?

CROWRD: No, no. It floats! It floats!

BEDEVERE: What also floats in water?

CROWRD: Bread!... Apples!... Very small rocks.

ARTHUR: A duck!

CROWD: Oooh.

BEDEVERE: Exactly! ... So?

CROWD: If... she... weighs the same as a duck...she’s made of wood.
BEDEVERE: Who are you who are so wise in the ways of science?

ARTHUR: | am Arthur, King of the Britons.






Development of high temperature
MIEC catalytic reactors for energy
conversion and storage applications

0. Preamble
Summary 7
Resumen 8
Resum 10

1. Introduction

1.1 Climate change and CO: as a greenhouse gas 17
1.2.1 CO; capture, storage and valorisation 18
1.2.2 Oxy-combustion processes for CO>

capture 21

1.2.3 Oxygen production 22

1.2 Mixed ionic and electronic conductivity materials
(MIEC) for oxygen production
1.2.1 MIEC materials and oxygen transport

mechanism 24

1.2.2 Oxygen permeability and stability in
Perovskite-type OTMs 27
1.2.3 Dual-phase materials for OTMs 31
1.3 COg revalorisation 35
1.3.1 Thermosolar chemical looping 36
1.3.2 Solid oxide electrolysis cells (SOEC) 38
1.4 Scope of the thesis 41

1.5 References 41



2. Methodology
2.1 Material synthesis
2.1.1. Modify Pechini Method
2.2 Sample preparation
2.2.1. Dense samples (MIEC membranes and
electrolytes

2.2.2. Porous layers (Electrodes and catalytic
layers)

2.3 Material characterization
2.3.1 X-ray diffraction technique
2.3.2 Scanning electron microscopy
2.3.3 Surface area BET
2.3.4 Total conductivity

2.4 Lab scale reactors
2.4.1. Fixed bed reactors
2.4.2. MIEC membrane reactors
2.4.3. Electrochemical reactors

2.5 References

3. Optimization of dual-phase electrodes for

high-temperature membrane reactors

3.1 Introduction

3.2 Sample preparation and characterization

3.3 EIS study for different ratios in dual-phase
electrodes

3.4 Influence of the catalytic layers on the oxygen
permeation

3.5 Conclusions

3.6 References

57
57
59

59

61
63
63
64
66
66
68
68
70
71
75

79
81

86

93

96
98



4. Novel dual-phase MIEC membranes for
catalytic membranes reactors

4.1.Introduction 105
4.2.Sample preparation 106
4.3.Physical characterization and total conductivity
4.3.1 Microstructural characterization 107
4.3.2 Total conductivity 108
4.4.Electrochemical studies 110
4.5.0xygen permeation 116
4.6.Post-mortem characterization 123
4.7.Conclusions 126
4.8.Bibliography 127

5. Lowering operation temperature in oxygen
transport membrane reactors (OTMR) by

membrane electrification
5.1 Catalytic membrane reactors based on oxygen

transport membranes 133
5.2 Electrified OTM concept, device and calculations
137
5.3 BSCF capillary membrane characterization 139
5.4 Oxygen permeation studies 140
5.5 Oxidative dehydrogenation of ethane in BSCF
catalytic membrane Reactor 147
5.6 Post-mortem characterization 152
5.7 Conclusions 156

5.8 References 157



6. Effect of conductivity in chemical looping
methane reforming using doped ceria as an
oxygen-carrier catalyst

6.1 Chemical looping methane reforming 167
6.2 Sample preparation 169
6.3 Structural properties of lanthanide-doped ceria 169
6.4 Chemical looping test 172
6.5 Impact of dopant ionic radius on the POM

reaction 181
6.6 Impact of dopant ionic radius on the CO>

splitting reaction 184
6.7 Characterization after chemical looping test 187
6.8 Conclusions 190
6.9 References 191

7. Conclusions and remarks
199

8. Figure and table list
203



0.

PREAMBLE






Chapter 0: Preamble

0. Preamble

Summary

This thesis is focused on the combination of different technologies to improve
emerging technologies for carbon capture and storage (CSS) and the revalorization
of the CO; captured. The leading technology studied in this thesis was oxygen
transport membranes (OTMSs) that could produce pure oxygen more flexibly than
the current oxygen production technologies like cryogenic air distillation. The
production of pure oxygen is crucial for developing oxycombustion reactors that
could be more efficient for carbon capture than traditional combustion reactors. The
OTMs studies were divided into two main topics: dual-phase membranes with
stable operation in CO, and BSCF-based membranes (BaixSrxCoi.yFeyOs.s). For
the revalorization of the captured CO,, the chemical looping technology based on
a cerium oxide catalyst was studied, which takes advantage of the redox properties
of the catalyst at different pO, and high temperatures (between 700-1400 °C).

In general, the principal limiting steps for OTMs were the bulk oxygen transfer and
the surface exchange reactions. In this matter, the improvement in the behaviour of
the catalytic layer could achieve better oxygen permeation. The first study for dual-
phase membranes was focused on the role of the different dual-phase ratios in the
behaviour as a catalytic layer in OTMs. For this study, NFO-CTO
(NiFe204/CeosTho 202-5) was selected as dual-phase material. This material was
previously studied and showed high stability under CO environments but with poor
oxygen flux compared with other dual-phase materials. The study considered for
the present Thesis showed interesting results, and it was combined with
electrochemical impedance spectroscopy (EIS) measurements, commonly used to
study electrodes for solid oxide fuel cells (SOFC) and solid oxide electrolysis cells

(SOEC). The second study in dual-phase materials for OTMs focused on the
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increase in oxygen permeation for spinel-fluorite-based materials. In this matter,
the bulk oxygen transports are controlled, apart from the temperature and the pO.
gradient, by the ambipolar conductivity, where the electrical and the ionic
conductivities are involved. So, the NFO phase was changed for the CMO phase
(C02Mn0Qg4), which has higher total conductivity than the NFO. The resultant dual-
phase material (CMO-CTO) performed better than the predecessor NFO-CTO

material.

As mentioned previously, the other study on OTMs focused on BSCF-based
membranes. In this study, the BSCF capillary membrane was electrified in order to
increase the membrane temperature via the Joule effect and, as a consequence, an
increase in the oxygen permeation. In addition, this effect under oxidative
dehydrogenation of ethane was studied, obtaining an essential improvement for
electrified BSCF membranes compared with non-electrified BSCF membranes.
These studies have opened new gates to operate these membranes at lower reactor

temperatures.

Finally, the last study was focused on CO- upcycling via chemical looping methane
reforming. Chemical looping is based on the redox properties of the catalyst in two
principal steps, reduction and oxidation of the catalyst. The catalyst reduction is
performed with temperature in inert conditions or with reducing streams like
methane. We were focused on the reduction via methane that works at lower
temperatures than inert streams and could provide syngas streams (a mixture of CO
and Hy) that improve global efficiency. The revalorization of the CO, was
performed in the other step, the oxidation part of the cycle. The oxidation of those
catalysts could be formed with H,O and/or CO; streams at high temperatures of
700-1000 °C. Our study was focused on 10% doped cerium oxide with trivalent
elements. In this study, the CO- splitting on the oxidation step was correlated with

the crystal structure parameters and the total conductivity of these materials.
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Resumen

Esta tesis estd centrada en la combinacién de diferentes tecnologias para mejorar
las tecnologias emergentes de captura y almacenamiento de carbono (CSS) y la
revalorizacién del CO, capturado. La principal tecnologia estudiada en esta tesis
fueron las membranas de transporte de oxigeno (OTM:s), las cuales pueden producir
oxigeno puro de forma mas flexible que las actuales tecnologias de produccién de
oxigeno, como la destilacion criogénica de aire. La produccién de oxigeno puro es
crucial para desarrollar reactores de oxicombustién que podrian ser mas eficientes
para la captura de CO; que los reactores actuales de combustién con aire. Los
estudios sobre OTMs se dividieron en dos temas principales: membranas de
bifasicas estables en CO, y membranas basadas en BSCF (Bai-xSrxCoi.yFeyOs.s).
Por otro lado, para la revalorizacion del CO; capturado, se estudio la tecnologia de
looping quimico basada en catalizador de 6xido de cerio, que aprovecha las
propiedades redox del catalizador a diferentes pO; y altas temperaturas (entre 700-
1400 °C).

En general, las principales etapas limitantes en OTMs son la transferencia de
oxigeno a través de la membrana y las reacciones superficiales. Por eso, una mejora
en las propiedades de la capa catalitica podria mejorar la permeacion total de
oxigeno. El primer estudio sobre membranas bifésicas se centro el estudio de capas
cataliticas con distintas proporciones de ambas fases. Para este estudio, se
selecciond el NFO-CTO (NiFe204/CeosTho202.5) como composite. Este material
ya ha sido estudiado en nuestro laboratorio, y mostré una gran estabilidad en
atmosferas de CO-, pero con baja permeacion de O, en comparacién con otros
composites. Este estudio mostro resultados interesantes, y se combiné con medidas
de espectroscopia de impedancia electroquimica (EIS), utilizadas habitualmente
para estudiar electrodos para pilas de combustible de 6xido solido (SOFC) y pilas
de electrdlisis de oxido sélido (SOEC). El segundo estudio sobre composites para

OTMs se centr6 en el aumento de la permeacion de oxigeno con composites
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basados en espinela-fluorita. En este caso, el transporte de oxigeno esta controlado,
ademas de por latemperatura y el gradiente de pO-, por la conductividad ambipolar,
en la que intervienen las conductividades eléctrica e idnica. Asi, se cambio la fase
de NFO por la fase de CMO (Co.Mn0Q.) que tiene mayor conductividad total que
el NFO. El composite resultante (CMO-CTO) ha mostrado un mayor rendimiento
gue el material predecesor NFO-CTO.

Como se ha mencionado anteriormente, el otro estudio sobre OTM se realiz6 con
membranas basadas en BSCF. En este estudio, la membrana capilar BSCF fue
electrificada para aumentar la temperatura de la membrana por efecto Joule y como
consecuencia un aumento en la permeacion de oxigeno. Ademas, se estudié este
efecto bajo deshidrogenacion oxidativa de etano, obteniéndose una mejora
importante para las membranas BSCF electrificadas en comparacién con las
membranas BSCF no electrificadas. Estos estudios abren las puertas al uso de ellas

con reactores a mas baja temperatura.

El ultimo estudio se centra en la revalorizacion del CO, mediante el reformado de
metano por ciclos quimicos. Los ciclos quimicos estan basados en las propiedades
redox del catalizador y las dos etapas de reduccién y oxidacion del catalizador. La
reduccién del catalizador es realizada mediante temperatura y en condiciones
inertes o con corrientes reductoras como por ejemplo en metano. Los estudios se
centran en la reduccion a través de metano que trabaja a temperaturas mas bajas
que para corrientes inertes y, ademas, proporciona corrientes de syngas (mezcla de
CO y Hy) en la etapa de reduccion del catalizador, que mejora la eficiencia global
del proceso. La revalorizacion del CO- se realizaba en la etapa de oxidacion del
catalizador. La oxidacion de estos catalizadores podria formarse con flujos de H.O
y/o CO; a altas temperaturas 700-1000 °C. Nuestro estudio se centra en 6xidos de
cerio dopados al 10% con elementos trivalentes, generalmente lantanidos. En este

estudio se correlacionoé la velocidad de splitting del CO- en la etapa de oxidacion
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con el volumen de celda de la estructura cristalina y la conductividad total de estos

materiales.

Resum

Aquesta tesi esta centrada en la combinacid de diferents tecnologies per millorar
les tecnologies emergents de captura i emmagatzematge de carboni (CSS) i la
revaloritzacié del CO; capturat. La principal tecnologia estudiada en aquesta tesi
van ser les membranes de transport d'oxigen (OTMs), les quals poden produir
oxigen pur de manera més flexible que les actuals tecnologies de produccid
d'oxigen, com la destil-lacio criogenica de l'aire. La produccié d'oxigen pur és
crucial per al desenvolupament de reactors d'oxicombustié que podrien ser més
eficients per a la captura de CO- que els reactors actuals de combustié amb aire.
Els estudis sobre OTMs es van dividir en dos temes principals: membranes
composites de dos fases estables en CO, i membranes basades en BSCF (Bai-
«SrkCo1yFe,Os;5). D'altra banda, per a la revaloritzacié del CO; capturat, es va
estudiar la tecnologia de looping quimic basada en catalitzador d'0xid de ceri, que
aprofita les propietats redox del catalitzador a diferents pO- i altes temperatures
(entre 700-1400 °C).

En general, les principals etapes limitants en OTMs son la transferéncia d'oxigen a
través de la membrana i les reaccions superficials. Per aix0, una millora en les
propietats de la capa catalitica podria millorar la permeacio total d'oxigen. El primer
estudi sobre membranes bifasiques es va centrar en I'estudi de capes catalitiques
amb diferents proporcions de ambdues fases. Per a aquest estudi, es va seleccionar
el NFO-CTO (NiFe;04/CeosTho 20-.5) com a composite. Aquest material ja ha sigut
estudiat en el nostre laboratori, i va mostrar una gran estabilitat en atmosferes de
CO, pero amb baixa permeacié d'O, en comparacio amb altres composites. Aquest
estudi va mostrar resultats interessants, i es va combinar amb mesures

d'espectroscopia d'impedancia electroquimica (EIS), utilitzades habitualment per
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estudiar electrodes per a piles de combustible d'oxid solid (SOFC) i piles
d'electrolisi d'oxid solid (SOEC). El segon estudi sobre composites per a OTMs es
va centrar en l'augment de la permeacié d'oxigen amb composites basats en
espinela-fluorita. En aquest cas, el transport d'oxigen esta controlat, a més de per la
temperatura i el gradient de pO, per la conductivitat ambipolar, en la qual
intervenen les conductivitats electrica i ionica. Aixi, es va canviar la fase de NFO
per la fase de CMO (Co0.MnQ4) que té una major conductivitat total que el NFO.
El composite resultant (CMO-CTQO) ha mostrat un major rendiment que el material
predecessor NFO-CTO.

Com s'ha mencionat anteriorment, l'altre estudi sobre OTM es va realitzar amb
membranes basades en BSCF. En aquest estudi, la membrana capil-lar BSCF va
ser electrificada per augmentar la temperatura de la membrana per efecte Joule i
com a consequéncia un augment en la permeacié d'oxigen. A més, es va estudiar
aquest efecte sota deshidrogenacié oxidativa d'eta, obtenint-se una millora
important per a les membranes BSCF electrificades en comparacié amb les
membranes BSCF no electrificades. Aquests estudis obren les portes a I'Us d'elles

amb reactors a una temperatura més baixa.

L'altim estudi es centra en la revaloritzacio del CO, mitjangant el reformat de meta
per cicles quimics. Els cicles quimics estan basats en les propietats redox del
catalitzador i les dues etapes de reduccio i oxidacié del catalitzador. La reduccid
del catalitzador és realitzada mitjangant temperatura i en condicions inertes o0 amb
corrents reductores com per exemple en meta. Els estudis se centren en la reduccid
a través de meta que treballa a temperatures mes baixes que per a corrents inertes i,
a més, proporciona corrents de syngas (barreja de CO i Hy) en I'etapa de reduccid
del catalitzador, que millora I'eficiencia global del procés. La revaloritzacié del CO,
es realitzava en l'etapa d'oxidacié del catalitzador. L'oxidacié d'aquests
catalitzadors podria formar-se amb fluxos de H,O i/o CO; a altes temperatures 700-

1000 °C. El nostre estudi es centra en oxids de ceri dopats al 10% amb elements
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trivalent, generalment lantanids. En aquest estudi es va correlacionar la velocitat de

splitting del CO; en l'etapa d'oxidaci6 amb el volum de cel-la de I'estructura
cristal-lina i la conductivitat total d'aquests materials.
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1. Introduction

1.1. Climatic change and CO: as a greenhouse gas

One of the major challenges of this century to be addressed by the technical and
scientific community is mitigating climatic change. The actual climatic change is
correlated to increased CO, concentration in the atmosphere. This increase
produces greenhouse effects that bring an increase in the global temperature?. Also,
it could break the global natural ecosystem by increasing the melting of the polar
ice caps, rising sea levels, increasing desertification, more extreme natural

phenomena, etc?.

The CO- emissions have been increasing since the Industrial Revolution, but those
emissions were focused on the most developed countries and close to the industrial
areas. With globalization, this problem has extended to the whole world. Recently,
it was discovered that there is a real tendency between the emissions of CO; and
the level of development of a country. In this matter, several huge countries, like
Brazil, China, India, etc., have been passing through high industrialization with the
consequent increase in their CO, emissions. This, added to the existing countries
with high industrialization, leads to a worrisome increase in global CO, emissions,
increasing from 280 ppm to 400 ppm from 1850 until these days®. Also, it has to be
mentioned that globalization has brought about a considerable increase in the
transport of people and goods. This also has a severe effect on CO, emissions
around the globe. Moreover, these emissions are distributed and in constant

movement, making eliminating and controlling them very difficult.

The first intents of mitigating the emissions of CO, were mainly focused on
industrial processes because their emissions are concentrated in specific locations
(normally chimneys), in contrast to the emissions due to the transport industry. In

order to control and decrease greenhouse gas emissions, it is important to improve
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and develop the current and new carbon capture and storage (CCS) technologies *°.
The main part of CO, emissions from the industry comes from combustion
processes. In these matters, CCS could be divided into different types of
combustion processes, depending on where it will capture the CO,. Generally, the
CCS in combustion processes could be separated into two types, depending on
where the carbon is extracted: pre-combustion CCS and post-combustion CCS.

1.1.1. COz2 capture, storage and valorisation

As mentioned in the previous part, there are different strategies to apply CCS
depending on when and how the CO; is extracted. Generally, there are three types
of strategy (represented in Figure 1. 1): post-combustion, pre-combustion and

oxycombustion.

Post-combustion
Energy Co,

Fuel mmmmm) ( combustion Cabhon
ar Unit —) capture mm) Exhaust
> N, +C0, + H,0 Unit

Pre-combustion

co,

Fuel Energy

Exhaust 1 I
I Airﬂ
Partial Carbon e — HO+N
Air‘q Oxidation | ™===)| capture |mmms) 0":1:;“0" =) H,0+N,
and RWGS ) CO, + H,\_ Unit H,

0,

Oxycombustion Energy
Fuel

Carbon
Combustion
Air #.‘ Unit capture |E==E) H,0
COZ +H,0 Unit

Exha ust

Figure 1. 1. Conceptual schemes for the three different carbon capture-based
technologies: Post-combustion, pre-combustion and oxy-combustion.

For CCS technologies, the most mature strategy is considered for post-combustion
processes because most studies are focused on current problems in the industry.
Here, different CCS technologies were developed depending on the CO;

concentration and the contaminants in the objective stream. The most used
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technologies are chemical absorption, solid adsorption, membrane separation and

cryogenic distillation. The highest extended technology is the amine adsorption
technology. The CO- is captured in the solvent at temperatures between 40-60 °C.
Then, in order to regenerate the solvent, the CO. is released from the amine solution
at 100-120 °C. One of the problems of the amine solution is the high energy
consumption during the regeneration, as well as other issues related to equipment
corrosion and amine degradation®. The main improvement of this technology comes
from using better amine solvents. Another mature technology is solid adsorption,
where the most common adsorbents are KOH and zeolites. However, these
solutions are limited to the low ratios of CO./N; and the high influence on the gas
temperature. Those issues are also important in membrane separation technigues
and cryogenic distillation. Table 1. 1 represents an overview of CCS for post-

combustion processes.

Table 1. 1. State of the art of principal technologies for CCS’.

Capacity  CO:z feed Capture rate

Technologies (10° tpd) (%) (%) Companies
-Air Liquide
-Caboncapt
Amine Technologies CO.
solvents 0.1-4 3 -25 8 -97 | 1p.
-Aker Carbon
Capture
Cryogenic -Air Liquide
distillation  * % >40 90 -98
PSA + -Air Liquide
Cryogenic 0.3-10 >15 98 —99
-Capsol Technologies
-Heirloom
Carbonates ~7 >20 >95 -K2-CO»
-Carbon Engineering
LTD.*

In the case of the pre-combustion strategy, the principal concept consists of
extracting the carbon from the fuel before the combustion process, Figure 1. 1. For

this purpose, the fuel is pretreated to produce syn gas by partial oxidation or steam
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reforming. Also, it is essential to convert the produced CO to CO.. It is also
common to add more steam, improving the water gas shift reaction. When the fuel
is fully converted to a mixture of CO; and H, this H: is separated with membranes
and transported to the combustion chamber. Then, combustion is produced between
02 and H2 without carbon's presence. As mentioned, capturing carbon from fuels
in precombustion processes has several complex reactions before the combustion
chamber. These reactions are not easy to be conducted for the large and different
types of fuels used in industry.

In addition, the oxy-combustion process has recently been taken up again as an
alternative to the traditional combustion process, Figure 1. 1. This process has been
considered since it is more efficient and more accessible to capture CO, from the
exhaust streams than traditional combustion processes 8°. However, for this

process, more efficient technologies have to be developed to produce pure oxygen.

It also has to be mentioned that not only the capture of the CO, emission is
important. Also, it is essential to develop technologies that are able to transform
CO2 into more high-value compounds such as fuels or fundamental chemicals
(methanol, benzene, etc.). For example, CO; is commonly used as a reactant for
reforming reactions with organic compounds, such as dry reforming of methane,
CO. hydrogenation to formic acid, reverse water gas shift, etc'®. Several
technologies have been developed for these applications in the past years. One of
the most promising technologies is those focused on splitting water and CO; to
produce syngas. Syngas is a mixture of CO and H2 that is the starting point for the

production of more valuable compounds such as fuels or fundamental chemicals.

1.1.2. Oxycombustion processes for CO, capture

Recently, the oxy-combustion process has been considered as an alternative to
traditional combustion processes since it is more efficient and easier to capture CO-

from the exhaust gases®®. For traditional combustion processes, the O, involved in
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the combustion comes from air streams. As it is well known, the air contains 21%

of O, 78% of N2 and other gasses like Ar, CO2, H20, etc. The main reaction carried
out during combustion is that between the O, and the fuel (hydrocarbons), Eq. 1. 1.
Like the major component in the air is the Nz, the CO, and H20 will be diluted in
the exhaust stream. Also, N is generally an inert gas, but in combustion processes,
it could react with the O at high temperatures, forming NOy. On the contrary, in
the oxycombustion process, there is no presence of N, so the exhaust will be a
mixture of CO, and H;O, being easily separated by condensation®..

CeHy + 0y = COy + Hy0 Eq. 1.1

However, if the reaction only takes place with Oy, then the flame temperature
control will be very complicated. In order to solve these issues, recirculating part
of the exhaust gases to the inlet stream is common. This recirculation could be with
only COg, after the condensation of the water, or could be with a mixture of CO,
and H,O, The main difference between the two of them is the different energy
savings. In the case of pure CO,, the mix with the fuel and the O, will be at a low
temperature. In the case of the mixture of CO, and H,O, this stream could increase
the temperature for fuel and the O, stream before the reactor, but the water will be
affected later during the reaction. Both solutions had their advantages and
disadvantages, and for that reason, they have to be studied for each case. However,
the principal issue with this technology is the supply of pure oxygen. In this matter,
air separation units (ASU) have to be developed and improved in order to produce

pure oxygen more efficiently.

1.1.3. Oxygen production

For effectively using the oxy-combustion process, it is essential to improve the
technologies capable to produce pure oxygen more efficiently than those already
existing®. The most mature technology for pure O, production is cryogenic air

distillation, which is capable of producing up to 30,000 m3-h of O, with more than
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95% oxygen purity®8. In this matter, this technology operates at cryogenic
temperatures and high vacuum to separate the oxygen from the air. For this reason,
cryogenic distillation from air demands large energy consumption. Nerveless, this
process has been developed for more than 100 years, being this technology optimal
for big-scale oxygen production®. However, the production of O is also essential
in small and medium-scale applications. In this matter, several different
technologies have been developed, like pressure and temperature adsorption,

chemical looping, ionic transport membranes, polymeric membranes and others®.

Pressure and temperature adsorption are based on the different polarization for the
different compounds in the air. In this case, the N2 is more polarizable than the O,
absorbed by a sorbent (liquid or solid). This is a physical interaction, so the
regeneration of the sorbent is not complex. Also, this technology operates at
temperatures below 150 °C and atmospheric conditions. However, for oxygen
production with high purity, large amounts of sorbents are needed due to their quick
deactivation, making this technology very difficult for large times operations and

high-oxygen-purity productions.

In the case of chemical looping, the pure oxygen is extracted from the reduction of
inorganic materials at high temperatures, at temperatures above 1200 °C. Some
materials with redox properties are reduced at these high temperatures, thus
releasing O.. The interesting fact of this technology comes from the other part of
the cycle when the material can be re-oxidized with H,O and/or CO; producing H-
or syngas. Regardless, this technology operates at very high temperatures, and that
requires large energy consumption for its operation. It is a very interesting option
for producing pure O; and revalorizing CO; to high-value syngas in the same

process.

Another appealing technology is the use of oxygen transport membranes (OTMs)

for obtaining pure O,. These membranes are formed by dense ceramic compounds
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presenting ionic and/or electronic conductivity properties. Depending on the

conductivity properties of the material, this oxygen production takes place from a
driving force between both sides of the membrane. This driving force could be an
electrical potential or oxygen concentration gradient. In addition, these properties
are favored at high temperatures, for that reason, OTMs operate at high
temperatures, between 700 °C to 1000 °C. This technology has still been developed
to scale up, but in the future, it could be an interesting technology for producing O2

on medium and small scales.

1.2. Mixed ionic and electronic conductivity materials
(MIEC) for Oz production
1.2.1. MIEC membranes and oxygen transport mechanism

Advanced ceramic materials with redox properties, like mixed ionic and electronic
conductivity (MIEC), could be used to develop membranes with 100% selectivity
to the oxygen transport. This O is transported through the crystal defects (oxygen
vacancies, interstitial oxygen, electronic defects, etc.) in MIEC-dense membranes.
Those defects and the ability to transport oxygen are related to both conductivities,
ionic and electronic. However, the factors that control both conductivities are
different from each other. In general, the electronic conductivity is related to the
bandgap and the ionic conductivity is related to the crystal structure®®. The most
considered materials that show MIEC properties had perovskite crystal structure
(ABO3). In general, for these materials, when A site is doped with different
lanthanides or alkali-earth, it will affect ionic conductivity. Also, the combinations
of different metals in the B site will impact the electronic conductivity. The MIEC
properties are highly influenced by the temperature and the oxygen partial pressure.
Using these materials as dense membranes gives the possibility of extracting

oxygen from different sources with more than 99.99% purity.
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Figure 1. 2. Limiting steps for oxygen separation with OTMs. Left: limited by bulk
diffusion; Right: limited by surface exchange reactions.
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However, the oxygen transport through a dense ceramic membrane not only
depends on the MIEC properties of the materials. Also, it depends on the thickness
of the oxygen transport membrane (OTM), Figure 1. 2. Generally, OTMs will be
limited by surface exchange reactions or bulk diffusion, depending on the thickness
of the membrane (L). The main difference between both limiting steps is the critical
thickness of the membrane (Lc). This thickness can be calculated by considering
the diffusion coefficient (Dcrem) and the surface exchange reaction coefficient
(Kchem), EQ. 1. 2. Dcnem and Kenem can be obtained by making use of experimental

methods like O®- O isotopic exchange and conductivity relaxation 14,

= Dchen Eq. 1.2

kchem

When bulk diffusion is the limiting step, the oxygen flux through the MIEC

membrane responds to the Wagner equation (Eq. 1. 3)1320.2L,

RT PG
]02 _mf OZO'ambdlnPO Eq 1.3
Oamp = 28 = L% Eq.1.4

otor  (0it0e)
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Where R corresponds to the ideal gas constant, T is the membrane temperature, F

is the Faraday constant, camp is the ambipolar conductivity (Eq. 1.4) and the P’o.
and P”o, are the oxygen partial pressure for each side of the membrane. Here, the
driving force for OTMs is the different oxygen partial pressure between both sides
of the membrane. Also, the oxygen transport processes are directly favored at high
temperatures, between 700 °C and 1000 °C. Nevertheless, the oxygen flux is also
influenced by the membrane thickness, as it can see in Eq. 1. 3 and in Figure 1. 2.
In order to minimize the resistance for bulk diffusion, the optimal thickness in
OTMs should be the critical thickness (Lc). But normally, this L. does not ensure

the mechanical stability of the ceramic membrane.

Conversely, surface exchange reactions control the process when the membrane
thickness is lower than the critical thickness, Figure 1. 2. However, the surface
exchange reactions had different behavior than bulk diffusion. Here, more factors
have to be taken into account like flux of gases, sweep gas properties, oxygen
partial pressure, surface active sites and also the temperature and the MIEC
properties on the surface. Even so, CFD studies for a common membrane show
how the resistance on each side depends on the temperature, Figure 1. 3 2223, Here,
the sweep side had higher resistance at higher temperatures, and it changed at lower
temperatures, independently of the membrane thickness. Nevertheless,
experimental results show that surface exchange reactions at the sweep side are
more relevant than on the feed side?*?*. Experimental results are very affected by

the different factors mentioned before.
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Figure 1. 3. CFD study for different resistances in BSCF OTMs with thickness: a) 10
um; b) 1000 um 2,

One of the most considered strategies to improve the surface exchange reactions is
the addition of a catalytic layer on each membrane surface. This will increase the
surface-active sites and, in consequence, will produce an increase in O, permeation.
Several studies show that the optimal thickness of this catalytic layer is in the range

of 20-40 um. However, the porosity of the catalytic layer is also important??25,

Furthermore, the O, permeation can be improved by increasing the main driving
force, which is the oxygen partial pressure gradient between both sides of the
membrane?®. This can be achieved by increasing the pressure on the feed side or by
applying a vacuum on the sweep side. However, the membrane needs to present
good mechanical stability at these operation pressures. That can be done by
increasing the thickness of the membrane (above 400 um). Also, it can be changed
the structure of the membrane by increasing the thickness of one catalytic layer,

which is known as an asymmetric membrane.

Other important factors are the gas streams on different sides of the membrane. In
this matter, lower fluxes can bring a considerable difference between the oxygen
partial pressure on the surface of the membrane and inlet gas, creating a polarization

resistance on this surface, more significant at the sweep side. Many researchers
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commonly reported this flow resistance, and it disappears, increasing the stream

flow on both sides %%, Additionally, the polarization resistances at the sweep
chamber are different depending on the gas used (He, Ar, CO,, etc.). Where the
bigger molecular size of the sweep gas will bring better sweep force?2. In this
matter, CO will be a good sweep gas and can be considered in oxy-combustion
processes for better sweeping. Nevertheless, the most used materials for OTMs are

not stable in operation conditions under CO; environments.

1.2.2. Oxygen permeability and stability in Perovskite-type oxygen

transport membranes (OTMs)

In order to be competitive with the current oxygen production technologies, an
OTM must achieve O, permeation fluxes of at least 10 NmL-min-*-cm2 2, The first
oxygen transport membranes reported in 1985 were based on perovskite crystal
structures (ABQOs) by Teraoka et al?®. In these studies, SrCoosFeo..0s-s showed the
highest oxygen permeation and opened the gates to study the OTMs technology
with ceramic materials. Even so, these first materials were unstable under realistic
operation conditions due to their decomposition from the cubic perovskite structure
to an orthorhombic brownmillerite structure. These structures are more constrained,
and they perform worse O, permeation rates than the cubic structure. Years later,
in 2000, Shao and coworkers reported a study focusing on the Bag sSrosC00.sFeq.20s.
s (BSCF) as an OTMs that resulted in one of the most OTM publications. This
membrane exhibits high and stable oxygen permeation under air and inert gas
gradient. In the case of a membrane with 1 mm of thickness, BSCF provides around
3 mL-mint.cm? at 900 °C 33 |n addition, BSCF has the highest oxygen
permeation described in the bibliography, reaching almost 68 mL-min=-cm? at
1000 °C *, As the SrCoo sFeo20s-5, the cubic perovskite structure is the active phase
for oxygen transport in OTMs. However, the cubic phase of the BSCF changed to
a hexagonal phase below 850 °C. This hexagonal phase is less active for oxygen

diffusion. Recent studies show how the addition of small amounts of yttrium into
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the B site stabilize the cubic perovskite structure at temperatures below 850 °C **-
%, Table 1. 2 represents some oxygen permeation values for different OTM with
perovskite crystal structures.

Table 1. 2. Oxygen permeation values for different perovskite types of OTMs.

OTM Feed / L T Jo2 Ref.
sweep (mm) (°C)  (mL-min?t-cm?)

BaosSrosC0o0.gFe0 2035 Air/Ar 1.0 850 2.46 22
Lao.4SrosC00.2Fe0s03-5 Air/N2 0.8 850 0.40 36
BagsSrosCoosFen1Yo010z5 | Air/He 1.2 850 1.04 &
SrFeOss AirlHe 1.0 850 0.45 87
SrCoosFeps0s-s Air/Ar 1.0 850 0.60 &
SrCoo.4Feps03g Air/He 1.0 850 2.16 2
SrTig.7sFep 25035 Air/Ar 0.5 850 0.02 39

SrTip.75C00.2503.5 AirlAr 0.5 850 0.16
LaosCan.4C0o.3Fep 7035 Air/He 1.0 850 0.70 40
Pro.6Sro.4CoosFeos503-5 Air/He 1.0 850 0.20 Al
PrBaCo20s.+s Air/He 0.7 850 0.49 19

SmBaCo020s+5 Air/He 0.7 850 0.13
Bazlnl_scro,205+s Air/He 1.0 850 1.20 43

Moreover, the OTMSs can be used in catalytic membrane reactors (CMRs) for the
conduction of different reactions “4 8, CMRs have been studied for several relevant
reactions represented in Figure 1. 4, such as oxy-combustion, partial oxidation of
methane (POM), water splitting, and oxidative dehydrogenation of ethane (ODHE),

to name a few 4254,

However, in general, these perovskites were not stable in CO, atmospheres. The
alkaline earth elements react with the CO,, producing the corresponding
carbonates, or they interact with the CO,, blocking the active sites that entail a
decrease in the oxygen permeation®. Some efforts to improve the stability of
perovskites on CO, have been made in the past years by doping with different

elements. The most significant consisted of doping the A site with lanthanides, like
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La, Pr, etc®®404  Nevertheless, the obtained O, permeation rates of these

formulations under CO, atmospheres were lower than when using any other sweep

gases.

Air Poor air

Figure 1. 4. Different possible reactions for OTM as catalytic membrane reactors.

Nowadays, increasing the tolerance to CO; environments is fundamental to
incorporating OTMSs in oxy-combustion processes. A recent helpful study
demonstrates that adding protective and catalytic layers like CeqsGdo202-5 in BSCF
membranes could be a solution to avoid the degradation of OTMs under CO;

environments®®.

Despite the stability issues, there are some other efforts to scale up perovskite as
OTMs, generally for BSCF-based membranes. Here, the principal issue is the
sealing of the membrane into the reactor. Normally, the membrane had to be sealed
inside the reactor on alumina or metal alloys. There are several limitations due to
the high difference in the thermal expansion coefficient (TEC) between the
membrane material and the reactor material®®. The BSCF has a TEC around 20-10-
® K1, comparably higher than materials used in oxide fuel cells (SOFC) where the

TEC:s for sealings and reactors materials are close to common electrolytes as YSZ
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or CGO (10~12-10% K) 759, In the case of tubular membranes, a solution can be
conducting a cold seal outside of the reactor. Even so, there are possibilities for the
membrane to break due to a thermal shock. There are also studies for BSCF OTMs
focused on metallic alloys for sealing and steels with TECs closer to BSCF, but this
solution might be expensive for being commercialized %6, Also, these reactors
could be poisoned with the CO- present in the feed air for extended periods of

operation.

Ruddlesden-Poppers phases A;BO. are also MIEC materials with high oxygen
transport capacity®2%. They show high oxygen diffusion due to their oxygen
transport being based on interstitial oxygen and not in oxygen vacancies®®, Still,
they usually are not fully stable in CO; and present instabilities under different
atmospheres (pO; between 10-10°° bar) on both membrane sides®® 707X, Their TECs
change between pO; 101-10"° bar. As an example, the TEC(o-1400:c) Of LazNiOuqs
remains constant under air, 13-10° K, but in Ar (pO, 10* bar), its TEC o-1400c)
starts at 10-10° K and increase until 12-10 K'* ¢, These changes in TEC values
make this kind of OTM fragile under operation conditions and difficult to seal.

Even so, these materials are great candidates for air electrodes in SOFC"274,

Table 1. 3. Oxygen permeation values for different Ruddlesden-Poppers types of OTMs,

OTM Feed / L T Jo2 Ref.
sweep  (mm) (°C) (mL-min?t.cm?)

La:NiOus+s Air/He 09 850 0.31-0.59 63,75

Prl,gNio,7cho,zso4+3 Air/He 0.5 850 0.51 76
Pri.9Nio.71CU0.24Ga0,0504+5 Air/He 0.5 850 3.58

Nd1.9Nio75CU0.2504+5 Air/Ar 1.0 850 0.50 i
La,CuQa-s Air/He 1.0 850 0.19 0
LazNio.sFeo104+5 Air/lHe 1.0 850 0.27 63

1.2.3. Dual-phase materials for OTMs

Since perovskite OTMs are generally not stable in CO; environments at long-term

operation, dual-phase OTMs combining materials stables to CO, were developed,;
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both materials together exhibit MIEC properties "+788L, Dual-phase OTMs are more

stable in CO; environments, and their TECs are closer to the reactor’s materials,
around 10-10% K1, However, the oxygen permeation reached for most dual-phase
OTMs is lower than for perovskite OTMs. For dual-phase OTMs, the bulk diffusion
is also limited by the percolative channels for both phases and their microstructure.

Depending on the natural properties of both materials, dual-phase OTMSs could be
made by ionic, electronic and mix ionic-electronic conductors. One of the phases
for dual-phase OTMs is generally an ionic conductor, usually based on doped
zirconia and doped ceria materials. These materials are commonly used as
electrolytes for solid oxide fuel cells (SOFCs). They have a cubic fluorite crystal
structure and are stable in CO, atmospheres. Also, the ionic conductivity of these
oxides depends on the specific lattice composition. The most used doped zirconia
materials are yttria-stabilized zirconia (YSZ) and scandium-doped zirconia
(ScSZ)%284 In the case of doped ceria, among the available dopants used for
increasing the ionic conductivity, the most common are gadolinium-doped (CGO)
and samarium-doped ceria (CSO) 8% Ceria has also been doped with
praseodymium or terbium, increasing their mixed ionic electronic conductivity 8788,
The TEC for ionic conductors is very close for the alumina and the other
components for an OTM stack, being ~ 10.5 -10° K™ for zirconia doped materials

and ~12 -10°° K* for cerium doped materials®®,

T.J. Mazanec et al. reported the first dual-phase OTMs in 1992 by combining the
ionic conductor YSZ with different metals like palladium, platinum and indium®,
The metal conductors had high electronic conductivity, but these dual-phase OTMs
broke under inert atmospheres and/or were highly expensive and limited. In the
next generation, the electronic phase was based on oxide semiconductors. The most
used materials present a perovskite crystal structure where these oxide structures

can be pure electronic semiconductors. One of the most considered formulations
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was a dual-phase with LagsSro.MnOs.5 (LSM) as electronic phase®. This material
was studied as a SOFC cathode and is compatible with the standard ionic

conductors?2-9,

Perovskite materials with MIEC properties are also combined with ionic conductors
for dual-phase OTMs®"°, This dual-phase material had comparable less oxygen
permeation than the perovskite phase alone, but in general, they have a TEC closer
to the material reactor’s TEC. Even so, most of them comprise alkaline earth in the
material and hence present stability challenges under CO- atmospheres at mid-long
times of operation’®81971%  Qther MIEC materials were used combined with ionic
conductors for dual-phase OTMs. In the case of Ruddlesden-Poppers, materials are
stable under CO2 environments, but these materials tend to degrade in the absence
of oxygen ™. Even dual-phase OTMs with MIEC materials improve the resistance
to CO2, they normally are affected under its presence, blocking active sites and

decreasing the oxygen permeation in all the cases'®.

Spinels (MM’,0;) are the second material class most used for the electronic phase
in dual-phase membranes. Most of these materials are stable in CO,, but many,
especially those containing Co, Ni, or Cu, decompose in reducing atmospheres (pO-
< 107 bar)1%21% These dual-phase OTMs like NiFe,04/CesTho 202.5 (NFO/CTO)
combined with ionic conductors exhibit high stability in CO, atmospheres and can
even be stable in the presence of low amounts of SO, without permanent
degradation’8102106.107 AJso under CO,, the oxygen permeation is higher than under
inert gases like Ar or He. However, this material shows limited permeation rates

compared to other dual-phase materials®:,
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Table 1. 4. Oxygen permeation values for different dual-phase OTMs in Air/He
environments. *Ar instead of He as sweep stream.

L T Joz

OT™M Ratio (mm)  (C)  (mL-mint-cm?) Ref.
Ce08Gdo2025/ Ag 50/50 1.0 850 0.13 108
Cep.9Gdo.1025/ 97
60/40 0.5 875 1.08
BaosSrosC00.8F€0.203-5
Ceo.855Mo.1502.5 / 109
SMoeSrosFeOas 75/25 0.5 940 0.50
Ceos5Pro1Cuo.05s02-5/
60/40 0.6 1000 1.60 110
ProsSrosFeo.gsCuo 05035
Ceo.85Pro1Cuoos02.5/ 1000 1.05 11
ProsSrosFegsAlo203.5 Oy 09 900 0.58
Ce0.8Gd0.202-5/ 112
60/40 0.6 950 0.57
LaosSrosFeosCup 2035
Ceo9Pro1025/
40/60 0.5 900 0.93 et
LaosSrosFeogCuo103s
Ceo.85SmMo.1502-5 / 109
SMosSrosFeOss 75/25 0.5 940 0.50
CepsNdp 2025/ 1000 1.00 ik
Ndo,58r0,5A|o,2Feo,803_3 60/40 06 850 0.28
CeooNdo.1O25/ 114
NG6Sr04C00us 60/40 0.6 950 0.65
CEo_gPro,loz_a / 950 3.17 98
ProsSro4FeOss 60/40 0.6 850 0.71
Ce0.9Gdo.10-.5/ Fe,03 60/40 0.5 1000 0.18 80
CEo_ngo,lozs / 950 1.52 71
LasNiOuss I 0.78
10Sc1YSZ* | MnCo0,04 70/30 0.5 850 0.23 115
Ce0.9Gdp 1025/ NiFe,04 70/30 1.0 850 0.05 116
*
CeosTbo2025/ NiFes0s | 5050 0.6 1805000 8:(2)3* 7
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Table 1. 5. Oxygen permeation values for different dual-phase OTMs with CO2 in sweep

stream.

OTM Ratio (mLm) (OTC) (mL_mJigilcm_z) Ref.
BaosSoonPenOny | OO0 05 85 o2 ¥
Sf:’;gi:z;ig 5/ 8 60/40 0.6 950 0.1 17
PC rTfsfforﬁéeCoi})ﬁi?éi 60/40 06 l90000O 8:;8 o
LaosSrabe, Coass | 040 06 950 22
Laosoreboni0sy | 4060 05 900 071 §
Sff;gfg\‘/‘l’;zzc;‘ 5/ | e 06 es0 0.1 107
Ndofgf’jls\l:flz.zzgéj:O&s G040 06 gy 008 w
NCdeO?:S'\'r‘:‘;gzgs; 60/40 0.6 950 0.55 114
et | SOMO 08 g g
CeosGdo1025/ Fe:0s | 60/40 05 1000 0.20 80
Cion | as0 02 ofr g
10Sc1YSZ /MnCo,0s | 70/30 05 850 0.24 115
CeosThoOzs/ NiFe:0s | 50550 06 SO0 8;‘1% 78
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1.3. COz revalorisation

Nowadays, the CO; is commonly used in different sectors, like food industry,
metallurgy, petrochemistry and others. For example, in food industry the, CO- is
used as a refrigerant and inert gas in food packaging and preservation. Also, it is
used for carbonated drinks. In metallurgy, it is used as a treatment agent in steels

and as an inert gas in welding.

The CO; capture and storage technologies are only a part of the transition of the
decarbonization of the industry. Nowadays, it is also important to improve new
technologies to transform this CO, using renewable energies. However, most of
these resources are inherently intermittent, which requires the development of
efficient energy-storage solutions. The transformation of surplus renewable energy
with CO; into fuels is very attractive because of the high energy-storage density of
fuels and the use of the synthetic molecules produced in several sectors such as

long-distance transportation or industry**8,

In the present thesis, two technologies have been studied that are able to transform
CO.: thermosolar chemical looping and solid oxide electrolysis cells (SOEC). Both
technologies for the valorization of CO2 are based on redox materials with MIEC

properties, like doped ceria materials.

1.3.1. Thermosolar chemical looping

Thermosolar chemical looping is based on the high temperature (between 800-1400
°C) redox properties of inorganic oxide catalysts using concentrated solar power
plants. This technology consists of cycles of two principal steps: first, a reduction
step and second, an oxidation step ''°. In the first step, the catalyst is partially
reduced at high temperatures (between 1100-1400 °C). In this reduction, the
material releases oxygen (Eq. 1. 5), and it stays active for the next step. Then, the

catalyst is re-oxidized with CO; and/or H,O at the same or lower temperature (Eq.
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1. 6). This reoxidation of the catalyst produces the splitting of CO, and H-0, giving
a mixture of CO and H, also known as syngas. This syngas is the principal
precursor to produce liquid fuels using Fischer-Tropsch catalytic units 120121,

a) vA¢
= @> 1 n

Figure 1. 5. Chemical looping diagrams for a CeO, (oxygen vacancies, Vo, are
depicted with white squares): a) Themosolar chemical looping; b) Chemical looping
methane reforming.

MO, & MOy_5 +30, Eq.1.5
@ COy + B HyO + MOy_5 > MOy + a CO + § H, Eq.1.6

Where MOx is the oxide redox catalyst and & is the oxygen deficiency (a+B=35).
For this process, the materials most commonly used and with the highest
performance are based on cerium oxide. Cerium oxide is considered the state-of-
the-art material in solar-driven thermochemical syngas production based on its high
stability over prolonged and repeated cycling and fast CO, and HO splitting
kinetics, with more than a decade of research and development!??123, However,
because of the high temperatures and the dependency on the weather, this
technology has several issues to improve the efficiency of the process. Several
efforts are being made in order to improve the thermal balance for this process!?.
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Other researchers were focused on decreasing the process temperature, using redox

material with a lower reduction temperature or using H. or CH4 atmospheres that
bring lower temperature reduction for the actual redox catalyst'?512%, Recently also
appear new physical methods have to reduce material and performance chemical

looping, like, for example, using microwaves*'8,

Changing the reduction step using a reducing gas not only reduces the process
temperature but could also be used to improve global efficiency. In the case of using
methane in the reduction step, partial oxidation of the methane (POM) and
combustion reactions could appear, Eq. 1. 7 and 1. 8, respectively. These reactions
could be used to improve the efficiency of the process, increasing the production
of syngas in the case of the POM reaction, Figure 1. 5b. This technology gets the

name of chemical looping methane reforming (CLR)
<CHy+ MO, > MOy_5 + = CO+ H, Eq.1.7
SCHy + MO, > MOy_g + 5C0; += H;0 Eq. 1.8

The addition of methane in the reduction step decreases the reactor temperature to
900°C even less, until 700 °C with lower global reduction and activity?,
Comparing Thermosolar chemical looping with dry reforming of methane, CLR
offers additional advantages (for example, carbon depositions occurring in the
POM step can be reduced by the Boudouard reaction in the CO; splitting step,
etc.)!?’. Figure 1. 5b describes the scheme for the CLR at 900 °C, with CeO- as a
reference catalyst like in thermochemical looping. In this case, cerium oxide is also

the material of reference.
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1.3.2. Solid oxide electrolysis cells (SOEC)

Solid oxide electrolysis cells (SOEC) technology is an emerging technology based
on inorganic materials capable to revalorize the CO, captured*?®', This
technology has been proposed principally to produce hydrogen and syngas at high
temperatures (700-1000 °C) due to its high efficiencies and renewable sources like
water, CO; and electricity!?129131-133 Fyen so, the materials and configurations for
SOEC are very similar to those for OTMs. In this case, the membrane has only
ionic conductivity (electrolyte), and the catalytic layers also have MIEC properties
(electrodes). The driving force in SOEC is an electrical overpotential on both sides
of the electrolyte (Vcen). Figure 1. 6 represents the scheme for a SOEC in co-

electrolysis mode.

4e~ + CO, + H,0 —» H, + CO + 202~

& MIEC electrode |

e i0% lonic membrane

G
“

MIEC electrode |

20% - 20, + 4e”

Figure 1. 6. Partial reactions in SOEC membrane for co-electrolysis mode.

As the driving force is the electrical power, the current supplied will be related to
the Hz, CO and O; production (Eqg. 1. 9).
1

F, = Eq.1.9

2 Ne—-F

Where | is the current applied, ne. is the number of electrons in the oxygen partial
reaction and F is the Faraday constant (96485 C-mol™). As an electrical device, it
follows the ohm law (Eg. 1. 10), and the current applied depends on the voltage

applied on both sides of the membrane (AV) and the resistance of the cell (R).
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AV =1-R Eq.1.10
Veeu =Vo+1-ASR Eq.1.11
ASR = R{™M0%€ 4 R octrotyte + RE™OY Eq. 1. 12
Retectrotyte = - Eq. 1. 13

For SOEC devices, Ohms' law is described as Eq. 1. 11, where the cell voltage
(Veen) depends on the open circuit voltage (Vo) that will be defined for the co-
electrolysis potential. In part of the resistance of the cell, the area-specific resistance
(ASR) englobes the resistances on both electrodes (anode and cathode) and the
resistance of the electrolyte at operational conditions (Eq. 1. 12). The resistance for
the electrolyte depends on its conductivity (o) and the thickness (L), Eq. 1. 13.
Also, the resistance for the electrodes will be determined for their MIEC properties

at each operational condition.

Generally, the conventional cells in SOEC stacks had two principal configurations:
electrolyte-supported or electrode-supported. Like OTMs, the thickness of the
dense membrane, in this case, the electrolyte, is one of the main aspects of good
performance (Eqg. 1. 13). In the case of electrolyte-supported the membrane has
200 pm thickness and the electrodes 15-30 um of thickness 2134, Conversely, the
electrode supported has an electrolyte thickness of around 5-30 pum, and the

electrode supported is normally about 200-500 um thickness 1313,

In general, the electrode supported has been more studied in up-scale reactors, the
Ni-YSZ (Zro92Y0.0802-5) cermet being the most common electrode supported 12137,
For the electrolyte, the most common :88materials had fluorite crystal structure
like cerium doped materials. But in terms of stability and economy, the most

common electrolyte used is the YSZ 884138 Finally, the state of the art for air
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electrodes are based on dual-phase materials with LagsSrosMnQOgz.s5 as the electronic

phase and cerium/zirconium doped materials as ionic phase 994,

1.4. Scope of the thesis.

The present thesis is focused on the study of different technologies based on mixed
ionic and electronic conductors (MIECs), trying to correlate and combine their
different properties. In this matter, the main technology studied considered is
oxygen transport membranes (OTMs) based in dual phase materials stable in COs.
Here, it was combined electrochemical impedance spectroscopy, commonly used
to study the electrodes in solid-oxide electrolysis cells, to determine the future
behaviour as catalytic layers in OTMs. Another concept studied in OTMs was
electrified BaosSrosCoo.sFeo202-5-based membranes to increase the membrane
temperature locally. The last study focused on how cerium-based materials affect
the total conductivity in CO, revalorization via chemical looping methane
reforming. In addition, other objectives were considered and studied during this

thesis:

- Study the role of the electronic and ionic phase ratio in the surface
exchange reactions for oxygen transport membranes based on NFO/CTO
dual-phase material.

- Improve the oxygen permeation under CO; and SO- environments, typical
from postcombustion exhausts.

- How affects the electrification in BaosSrosC0osFe0202-5-based membrane
as catalytic membrane reactor for oxidative dehydrogenation of ethane.

- How affects a different catalytic layer in the electrification of

Bao 5SrosC00 sFe0202-5-based membrane.
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2. Methodology

In this chapter, it will be described all the experimental methodology used during
the conduction of this thesis. In the first place, the different procedures for the
synthesis of materials and the preparation will be described. Then, it will continue
by describing the characterisation techniques, like X-ray diffraction (XRD), surface
area BET, scanning electron microscopy (SEM), etc. Finally, the different
equipment used in this thesis, like mixed ionic and electric conductors (MIEC)
membrane reactors, fixed-bed reactors and oxygen transport electrochemical

reactors.

2.1. Material synthesis

Most of the samples and materials were sintered at the laboratory. However, it was
also used commercial samples and materials like BagsSrosC0o.sF€o 2035 powder
and membranes from IKTS (Fraunhofer Institute for Ceramic Technologies and
Systems, Germany), CeosGdo 202-s powders to sintered electrolytes from Cerpotech
(Norway), etc. This section will describe the elaboration processes for the materials

and samples in this thesis and which commercial materials were used.

2.1.1. Modified Pechini method

One of the most common methods for synthetizing advanced ceramic materials is
the Solid-State Reaction (SSR)!. Furthermore, this process is commonly used in
industrial processes for producing ceramic materials, thus lowering costs in
reactants and lowering contaminant emissions due to the use of oxide materials
instead of nitrates or chlorides. Even so, the particle size with this method is higher
than with other methods of fabrication, such as the Pechini method or co-
precipitation®®. The particle size is fundamental for future sample elaboration,

especially in the case of dual-phase materials. In this matter, lowering the particle
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size usually brings better porous layers for electrodes or catalytic layers in MIEC
membranes. Also, lower particle size facilitates the sintering of dense ceramic
membranes. Moreover, in the case of dual-phase membranes, higher dispersion of
both phases in a dense membrane will bring higher percolative channels for both

conductivities, increasing the membrane performance “.

Pechini method was selected in this thesis for synthetizing all the different ceramic

materials®. The different steps for the Pechini method are represented in Figure 2.
1. First, the nitrate precursors were mixed in a distilled water solution, and the
guantity of the precursors was previously calculated in stoichiometric amounts.
This mixture of nitrates was continuously stirred at 60 °C. Then, citric acid was
added to form the complex precursor. A few minutes later, ethylene glycol (from
ThermoScientific) was added and then heated up to 80 °C in agitation. Here, when
most of the water is evaporated, this solution is heated up at 220 °C in a heater
overnight. The product is a powder that has to be ball-milled and then calcinated at
synthesizing temperature; this temperature depends on the material but should be
between 500-1200 °C.

M(NO,), - # H,0
Citric acid

Ethylene glycol Manual mill Calcination step

220°C-25C 25°C—up to
500 °C

Figure 2. 1. Steps to synthesize ceramic materials by the Pechini method.

Moreover, a physical posttreatment was performed for all the materials elaborated
in Figure 2. 2. Here, they had to be milled and sieved to eliminate the agglomerations
of particles on the powder and obtain uniform materials. This physical

posttreatment consists of milling the powder in a ball mill for 24h. The powder is
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mixed with zirconia balls in a mass relation of 1:5 (powder: zirconia). Acetone is

added to improve the milling. Finally, the powder was dried and sieved below 200

um particle size.

Ball-milling Dry step Sieving < 200 um

. m___’ g
i

Figure 2. 2. Final mill steps to achieve the final material.

All the powder sintered was analyzed with X-Ray diffraction to verify that the
ceramic material was elaborated without impurities or other phases not desired.

This characterization technique will be explained in a later section.

2.2. Sample preparation

Different samples were elaborated depending on their final use. Most of these
materials can be used as MIEC membranes, electrolytes, electrodes and/or as a
catalytic layer. Those materials can be separated into two types of samples: dense
samples (MIEC membranes and electrolytes) and porous layers (electrodes and
catalytic layers). However, the specific steps and conditions for the sample

preparation will be explained in more detail in each corresponding chapter.

2.2.1. Dense samples (MIEC membranes and electrolytes)

As mentioned, dense samples were used as electrolytes, MIEC membranes, or
dense bars (to measure total conductivity). The characteristics of both are different,
and they are used in other technologies, but they have something in common: they
must be completely dense without percolative channels to the gas phases (some

occlusive porosity could be accepted). The elaboration of these samples involves
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the uniaxial pressing and the sintering at high temperatures to obtain dense
materials, around 900-1500 °C. Figure 2. 3 represents the diagram for the preparation
of dense samples.

Membrane

Pressing step Dense
powder precursor

sample

r 1 N
! - ——— c——p
. 25°C—up to D

Figure 2. 3. Steps followed in the preparation of dense ceramic samples.

First, for MIEC membranes and electrolytes, homogeneous powder is added to a
die with a cylindrical diameter of 26 mm. This powder was distributed carefully
inside the die and pressed at 56 MPa for 3 min. Finally, the pellet formed was
calcinated to high temperature in order to be sintered, around 1300-1500 °C during
5-10 h. For dense bars, a different die with a rectangular form (0.4x1.2 cm?) was

used.

In some materials, it is necessary to add a polymer to improve the pressing step.
This polymer gives some plasticity to the green pellets. The polymer used was the
polyvinyl alcohol (PVA), fully hydrolyzed, from Sigma-Aldrich. The addition of
PV A to the powder is described in Figure 2. 4. Here, the PVA is added into distillate
water agitated at 60 °C, adding 7.5 mg of PVA for each gram of material future
added. When the PVA was completely dissolved, it was dropped into the powder
and heated up to 80 °C. When the powder was completely dry, the powder was ball-
milled and sieved down to 200 um of particle size. Finally, the sample can be

elaborated with the previous process, Figure 2. 3.
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PVA + H,0 Dry step Sieving < 200 um

Figure 2. 4. Plastic aid addition in the precursor powder to facilitate the pressing step.

The dimensions of the elaborated dense membranes had to be adjusted for the lab-
scale reactors, depending on their future use. This reduction of the dimensions was
carried out by grilling the different parts of the membrane with sandpaper. The
membrane diameter should be adjusted closer to 15 mm. However, the thickness
depends on future use, being around 600 um for MIEC membranes and 1 mm for

the electrolytes.

2.2.2. Porous layers (Electrodes and catalytic layers)

Once dense membranes and electrolytes are prepared, porous layers (catalytic
layers or electrodes) can be deposited. Here, the last part of the sample’s preparation
will be described: the deposition of porous layers. As was explained in the
introduction, these porous layers will play an important role in the membrane
performance. So, the layer microstructure and the proper adhesion to the dense
material surface are crucial. In this matter, the final porous layer has to be well
attached to the membrane, with a thickness between 15-40 um 57. The

microstructure of these layers was observed with SEM microscopy.

The screen-printing technique was used to add the porous layer to the dense
membrane. The first step is to prepare the ink that contains the precursor of the
porous layer, Figure 2. 5. The viscosity of the total ink and the quantity of material
per gram of ink are determinants to control the layer thickness. Two different

vehicles were used to prepare the inks: Terpineol with 6% cellulose and ZVAR ((2-
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metoximetiletoxi) propanol). Also, the ratio 1:1 of powder and the carrier normally
was used. In the case of using terpineol, for the ink elaboration, it is necessary to
heat it first at 60°C in agitation to decrease its viscosity. The scheme for the ink
preparation is represented in Figure 2. 5. Here, the elaboration starts with the mass
measurement for the ceramic powder. Then, the vehicle is added to the same

guantity, and the mixture is mixed on a three-roll mill.

Powder ink

]
1
|
N

Figure 2. 5. Elaboration of inks by a tricylindrical roll.

To add the layer to the dense membrane, the screen-printing technique was used,
described in Figure 2. 6. The ink was settled on the screen and printed on the dense
material, with a diameter of 9 mm. For our ink composition, each step of screen-
printing will result in a 15 um thick porous layer (after sintering), being necessary

for 2 print steps. Then, the membranes were sintered at around 900-1200 °C for 2h.

Screen-printing Dry Calcination step
A S
/¥ N\ e e
25°C—upto
| 900 °C
f Repeat 1 time 1

L---—————————.

Figure 2. 6. Electrodes and catalytic layer deposition by screen-printing and subsequent
calcination.
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If the porous layer is going to be used as an electrode, adding the porous layer is

not the last step. Namely, a gold mesh is normally added to improve the connection
between the electrode and the current collector. For this part, the gold ink was
prepared the same way described before. In this case, the deposition is done with a
thin paintbrush, drawing a grid. Then, the gold mesh is dried at 80 °C. Finally, the
gold mess was sintered at 900 °C for 2 h.

2.3. Material characterization

2.3.1. X-ray diffraction technique.

The first and fundamental characterization is the X-ray diffraction (XRD)
technique. This technique makes it possible to identify the crystal structure or the
different crystalline structures in a sample. All the materials in this thesis present
different crystal structures (i.e., fluorite, perovskite...). Also, many of these
materials were made in the laboratory and confirming their crystal structure without
impurities is essential. In addition, several studies were involved with dual-phase
materials, and in these materials, it is important to identify and quantify both
phases.

Any material with a crystal structure has a characteristic X-ray diffraction pattern.
A monochromatic X-ray beam of wavelength A with a determinate angle (20)
crashes on a crystal material. The X-rays are diffracted only when the distance with
the successive planes have X-ray diffractions with different complete numbers of
wavelengths (Bragg’s law, Eq. 2. 1), Figure 2. 7a. Depending on the angle (26) at
which these diffractions occur, the X-ray diffraction pattern will be determined,
Figure 2. 7b.

n-A=2-d-sen(f) Eq. 2.1
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b) CeOz
" L " " L "
—— Fit refinement
Experimental data
Bragg peaks
— Difference
3
L
; |
g 2 i A

20 25 30 35 40 45 50 55 60 65 70 75 80
26 (°)

Figure 2. 7. a) X-ray diffraction and Bragg’s law; b) X-ray diffraction pattern and

Rietveld refinement for commercial CeO, (Sigma Aldrich).
A PANalytical Cubix fast diffractometer was used for all the XRD in this thesis,
using CuKol radiation (A = 1.5406 A) and an X’Celerator detector in
Bragg—Brentano geometry. XRD patterns were recorded in the 260 range of 20° to
80° and were analyzed using the software X’Pert Highscore Plus software. Rietveld
refinement was conducted to obtain the cell parameter for some materials
considered in this thesis, using patterns for the bibliography named with their ICSD
code to identify.

2.3.2. Scanning Electron Microscopy

To characterize the final micro and macro structures and the topography of the
samples, high-resolution scanning electron microscopy (SEM) technology was
used. For the materials and the samples used, the microstructure is the determinant
of the performance. In the case of the membranes or electrolytes, 100% selectivity
for oxygen separation is achieved for completely dense membranes, and some
occlusive porosity could be admitted. With dense membranes, only the oxygen
flows through the membrane, taking advantage of the ionic conductivity of the
membrane (oxygen vacancies or interstitial oxygen). Also, the thickness determines

the final performance of the membrane, following the Wagner equation explained
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in the last chapter. Moreover, in the case of the dual-phase membranes, both phases

had to be well dispersed with percolative channels on both sides of the membrane

to ensure both conductivities without restrictions.

As mentioned in the last section, the micro structural analysis on porous layers
(electrodes or catalytic layers) was essential, checking the thickness and the
attachment on the membrane. In addition, in the case of the dual-phase electrodes
(or catalytic layers), both phases will be well dispersed to ensure the three-phase

boundaries (TPBs). These TPBs are essential in the surface exchange reactions, as

explained in the past chapter.

Figure 2. 8. Scanning electron microscopy (SEM) images for different samples and with
different detectors: a) SED; b) InLenss detector; ¢) BSD
In Figure 2. 8, images are represented with the three detectors to characterize the
different aspects. Figure 2. 8a shows a transversal image for a catalytic layer on an
OTM measured with the secondary electron detector (SED). With this detector, it
is possible to characterize the porous structure of this catalytic layer. The resistance
will increase with decreasing layer porosities, worsening the overall membrane
operation. The image in Figure 2. 8b was taken for a dual-phase membrane with the
InLens detector. With this detector, it is possible to see the surface topography, and
if the conductivities are very different, it is possible to see the dispersion of both
phases. The last SEM detector used in this thesis is the backscattered electron
detector (BSD). This detector has a poor resolution for the microstructure, but it
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provides different grey tones for different materials with different mass weights,
Figure 2. 8c.

To reproduce the images, SEM equipment uses an incident high-energy electron
(1.5-20 eV) that energy is produced by a heated tungsten filament. These electron
collisions cause a secondary emission from the sample and, with the detector, is

translated to images from your sample.

2.3.3. Surface area BET

For the powder samples used in fixed bed reactor, the specific surface area is an
important property to take into account because, normally, the active sites are on
the surface. For these samples, the specific surface area was measured using a
Micromeritics ASAP 2420 (Surface Area Porosity Analyzer) applying the BET
method. The powders were pressed in a pellet, crushed and sieved between 400-
600 um. Then, the sample was degasified at 250 °C for 24 h using a vacuum, with
a 10 °C-min‘t heating rate. The adsorption and desorption of N, to obtain the BET

surface area was at a temperature of -196.15 °C.

2.3.4. Total conductivity

The total conductivity was measured with a standard 4-point DC technique at
different temperatures in air, Figure 2. 9. These measurements were taken with
dense samples in bars form, as explained in section 2.2.1. Also, these bars are
painted with silver ink to perform the different contacts. Furthermore, 1mm thick

silver wires were tied at each contact.

To measure the conductivity, it applied an electrical current with external contacts,
whereas the potential (voltage) is measured between the contacts. With these two
measures, it is possible to calculate the resistance with Ohm's law for each sample,
Eqg. 2. 2
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R=1-AV Eq. 2.2

V+

|+

Figure 2. 9. Dense sample bar and the connections for total conductivity measurements.
Then, it was calculating the total conductivity with the resistance and the

dimensions of the sample:

_ L
§= (a-b)R

Eqg.2.3

Where, L is the distance between VV* and V- and a and b are the bar width and height,
respectively.

The measure of each point of total conductivity is extracted for a slope of several
I-V points with a small range of current applied. It was used a Keithley 2601 to

supply the current and a Keithley 3706 to analyze the voltages.

2.4. Lab scale reactors

In this section, common lab-scale reactors, like fixed-bed reactors, OTM reactors,
and electrochemical membrane reactors, were described and explained. However,
another reactor was used in the present thesis, which will be described in their

specific chapter.
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2.4.1. Fixed-bed reactors

The fixed-bed reactor is used for several reactions and is a very common reactor.
This thesis used the fixed-bed reactor in Chapter 6 (Chemical looping methane
reforming). The diagram of the fixed-bed reactor and the experimental device is

represented in Figure 2. 10.

b)

3 —

L

Mass
Spectrometer

Vent

-

Figure 2. 10. a) Fixed-bed reactor diagram; b) Experimental device diagram for the

experiments in a fixed-bed reactor.

For a fixed-bed reactor, a homogeneous flux through the catalyst is a very important
factor. In order to prevent preferential flux channels, we must control 3 factors
(Figure 2. 10a): internal reactor diameter (d;), particle size diameter (dy) and the
heigh of the fixed-bed reactor (L.). Therefore, the good diffusion flux across the

fixed bed must obey these equations:

LL/d > 100 Eq.2.4
p
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di/d > 10 Eq. 2.5
P

These equations are correlated to the Thiele module, which must be less than 0.4.
For our reactor, the d; is 0.9 cm, and for a dp is 200 um. The L of the 250 mg of
powder was 1 cm. The results for the equation Eq. 2. 4 are 50, and for Eq. 2. 5 is
45. We are in the middle. But if the flow is laminar (Reynolds module less than

2000), then it won’t be flow problems:

Re = 24r%cdp Eq. 2.6
Kar

Where Re is the Reynolds number, oar is the argon density, vc is the crossing

velocity, and uar is the argon viscosity. To calculate the Reynolds number, the

properties of the Ar were chosen because it is at least 95% of the concentration of

the total flow for the chemical looping test. The crossing velocity comes from the

velocity of the fluid between the catalyst and the total volume of the fixed bed:

v, = 2L Eq.2.7

Sgas

Where Qr is the total flow (100 mL-min‘* for chemical looping tests) and Sgas is the

cross-section for the gas phase on the fixed-bed reactor. This Sgas can be calculated:

Vi — —Vsoli
Sgas — fixed—bed —V solid Eq 2 8
Ly,

Where Viixed-bed 1S the total volume of fixed-bed, and Vsqiq is the total volume of the

catalyst. The Vsaig can be calculated as:

Vsotia = Dsolid Eg. 2.9

Ptheo
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Where, msaiq IS the quantity of catalyst for each experiment (250 mg for chemical
looping tests) and pomeo IS the theoretical density for the catalyst calculated by
Rietveld refinement. It was assumed 7 g-cm for these calculations thus the values

for pmeo Oscillate between 7.27 to 6.97 g-cm.

The Reynolds number for our experiments in the fixed-bed reactor is around 450,

so it is assumed that we have laminar flow.

Figure 2. 10b represents the experimental device for the chemical looping methane
reforming test. It was 3 mass flow controllers for each atmosphere. The fixed-bed
reactor was inside a cylindrical furnace. The gas flows go across the reactor from
the top to the bottom. Then, the part of the product gas goes to a mass spectrometer

to analyze, and the other goes to the heart.

2.4.2. MIEC membrane reactors

Another important reactor used in the present thesis is the OTM reactor. In order to
measure new or modified MIEC membranes, we have a quartz reactor prepared for

this kind of measurement.

This reactor has two principal parts (Figure 2. 11): The sweep chamber, where the
sweep gas will move the products to the analyzer and the exhaust, and the feed
chamber, where the membrane extracts the oxygen. For both, the more important

part of this reactor is the feed chamber, where the membrane is sealed.

Figure 2. 11 a represents the scheme for the MIEC membrane reactor. Metal alloy
rings were used to seal the membrane to the reactor. Figure 2. 11b gives a closer
look at both sides of the membrane. Depending on the metal alloy used, the seal
temperature could oscillate around 850-960 °C on sealing temperature. From the
top, the feed chamber has the injection from oxidant atmosphere (Air or mix of Ar

and Oy) inside a quartz tube. For the outside goes the exhaust of this oxidant flow.



Chapter 2: Methodology

From the bottom comes the sweep gas, normally Ar, but in some cases, the sweep

gas is CO., which is more interesting for the industry. The sweep gas with the O,
permeate was analyzed at steady state by online gas chromatography using a micro-
GC Varian CP-4900 equipped with Molsieveb5A, Pora-Plot-Q glass capillary, and
CP-Sil modules. Membrane gas leak-free conditions were ensured by continuously
monitoring the N2 concentration in the product gas stream.

a) b)

Ar + Ar +

— ar

Figure 2. 11. a) MIEC membrane reactor lab scale; b) Zoom from membrane reactor
chambers.

2.4.3. Electrochemical reactors

Electrochemical impedance spectroscopy is a technique that can study the limiting
processes (surface exchange reactions, absorption of oxygen, gas diffusion) for

solid electrodes.

For these electrochemical studies, it was used an electrochemical reactor developed
in our lab; this reactor is to be able to make electrochemical impedance
spectroscopy (EIS) measurements closer to actual operation conditions, Figure 2.
12.
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Figure 2. 12. a) Experimental device for the EIS studies; b) Scheme of the position of the
sample inside the electrochemical reactor; c) Scheme of the position of the current
collectors on the sample.

The EIS impedance can be correlated with Ohm’s law:

E=1-Z Eq. 2. 10

Where the voltage (E) is a function of the current (1) and the impedance (Z). This

voltage excitation is applied with a sinusoidal signal (alternating current, AC):

E, = Eysin (w - t) Eq.2.11

Where, the voltage (E:) is function of the amplitude (Eo) of this voltage and with
the frequency is applicated (w). For linear systems, the current also has a sinusoidal

response with the phase shifted (¢):

Iy = lysin (w - t +j) Eq. 2.12

Then, the EIS impedance will be written like:

sin (w-t)
0 sin (w-t + @)

Z=1Z Eq. 2. 13
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Where, Zo is the quotient of voltage and current amplitude (Eo/lo). Then, it is

possible to express the impedance as an equation with real and imaginary parts:
Z(w) = Zye"? = Zyecos ¢ tising Eq. 2. 14

Then, the measurements of the impedance in the imaginary (Z’) and real (Z”) part
can be represented like a Nyquist diagram (example in Figure 2. 13a). Also, for EIS
measures, the bode diagram is illustrated, imaginary art of the impedance as a
function of the frequency. This will identify at what frequency resistances are

obtained (example in Figure 2. 13b).

a) b)
04 : . . 04
02 LTI | 02
— Rejec ./ », -
5 N 5 X
2 00 - 0.0 >
c . =3 .
=N - Rp :I\I .
0.24 . 4 0.2
L] .
0.4 v - r 0.4 - - - r - " o
35 4.0 45 5.0 107 100 10° 100 10° 100 10t 108 10°
Z' (Q-cm’) Frequency (Hz)

Figure 2. 13. EIS example for an electrode in air at 700°C. a) Nyquist diagram (Rejec=
electrolyte resistance and R,= polarization resistance); b) bode diagram.
With these measures, it is possible to analyze the limiting steps on the surface
exchange reactions on an electrode at different temperatures and pO, atmospheres.
The first part is to analyze all the information it is possible to get for each
measurement and then see how these liming steps on the surface exchange reactions

and see how they change at different conditions.

Normally, the first part to analyze in a Nyquist diagram for an EIS measurement is
the polarization resistance (Rp). Ry is the resistance for all the steps involved in the
surface exchange reactions (R1 + Ry, Figure 2. 14a). Also, this diagram provides

information on the electrolyte resistance (Z° when Z” is 0, Reiec). Other information
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can be extracted from the Bode diagram (Figure 2. 13b), like at which frequency
these limiting steps appear. For example, mid frequencies are related to the surface
exchange reactions and the low frequencies are related to the oxygen diffusion.

a) Ry R, b) 0. (8)
Resee VW \ .
0% (g) 7 "'_4—"?0‘1'5
AMN— :
1 1
CPE, CPE,

Figure 2. 14. a) Equivalent circuit for reference electrode in air at 700 °C; b) Different
steps in surface exchange reactions for MIEC materials.
The resistance for the distinct contributions’ changes with the pO; following a
power law (Eq. 2. 15), where the exponent is characteristic of the controlling

surface-exchange step:

R;~pO;™ Eq.2.15
02(9) © 03 qqas n=1 Eq. 2. 16
03 aas © 2 Ogas n=1/2 Eq. 2. 17
Oas +2¢~ 4 V" & 0F n=1/4 Eq. 2.18

The samples in this thesis (symmetrical cells) were analyzed by 2-4 point
configuration, Figure 2. 12c, in a Solartron 1470E and 1455A FRA module
equipment. The input signal was a 20 mV AC amplitude signal with frequencies
between 0.03 to 1-10° Hz. Additionally, the software of ZviewTM 2 was used to
analyze and fit the electrodes to equivalent circuits and obtain all the parameters at

different conditions.
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3. Optimization of dual-phase
electrodes for high-temperature

membrane reactors

3.1. Introduction

Integration of carbon capture and storage (CCS) approaches in combustion
processes has become one of the most challenging goals of this decade. CCS is of
particular interest in the combustion chambers in industrial processes. Capture
processes are generally implemented after combustion or directly with oxy-
combustion methods, injecting pure O instead of air. The advantages of oxy-
combustion regarding traditional combustion include a higher efficiency of fuel
utilization than the combustion with air . In addition, the product of the oxy-
combustion is CO, and H,O, which are easily separated and stored.

Oxygen Transport Membranes (OTMs) technology provides pure oxygen more
efficiently for different operation ranges than traditional methods like cryogenic air
distillation 3. OTMs are promising candidates for applications in oxygen supply,
CO; capture, or catalytic membrane reactors 4. As it was mentioned in Chapter 1,
oxygen flux rates viable for industrial application for these membranes should
reach an oxygen permeation flux of around 10 mL-min*.cm? or, in the case of
OTM reactors, ~ 5 mL-mint.cm? "8 OTMs typically consist of mixed ionic-
electronic conductors (MIECs) that transport O% and electronic carriers at high
temperatures (1000-700 °C). Generally, perovskite materials with structure (ABQ3)
are used °. Up to now, the state of the art in MIEC membrane material is
Bao.5Sro5C00.sF€0.203-5 (BSCF), while the substitution of Fe by Cu has demonstrated

an improvement in the oxygen permeability due to the catalytic effect of segregated
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particles made of copper oxide phases %°. Still, perovskites containing alkaline earth
elements in the A-site are generally prone to decompose at low pO; and in the
presence of CO, and SO, . In particular, upon exposure to CO,, alkaline
carbonates are formed with the consequent performance degradation. Several
groups have studied the rational doping in the A-site and B-site to improve the
stability of these perovskites, but long-term stability in CO, and SO.-containing

atmospheres remains challenging *°.

On the other hand, some materials with only electronic or ionic conductivity are
stable in CO.-containing atmospheres, like metallic oxides and lanthanide oxides
with spinel or fluorite structures 213, The mix of those materials provides a dual-
phase or composite material with MIEC properties. Dual-phase membranes
generally have lower permeation than pure MIEC membranes but higher stability
under different atmospheres %6, For composite materials, the optimal ratio and
composition of each phase are highly dependent on the individual material
properties essential to having good percolation of both phases and not
compromising oxygen permeation *’. Normally, one of the phases is a pure ionic
material such as Gadolinium-doped Ceria (CGO), Yttria-stabilized Zirconia (YSZ),
or Scandia-stabilized Zirconia (ScSZ). There are three types of dual-phase
materials, depending on the nature of the electronic phase, which can be: i) a pure
metallic material like Pd, Ag, or Cu 2, ii) a MIEC material like
LaosSrosFe0sC0020s.5 (LSFC), BaosSrosC0osFe020s5 (BSCF) 142223 and iii)
metallic oxides with only electronic conductivity like NiFe;O4 (NFO), CoMn;04
(CMO) or LagsSrosMnO; (LSM) 2426, In previous works, composites based on
NiFe;04/CepgTho20..; (NFO-CTO) were characterized as OTMs under reducing
atmospheres and in the presence of CO; and SO,. The stability of NFO-CTO was
excellent under those harsh atmospheres 2/-2°,

In this chapter, we studied the properties of the dual-phase material NFO-CTO as

a catalytic layer. The electrochemical impedance study of the different ratios (x%
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NFO — (100-x)% CTO) as electrodes revealed the relevance of the surface ionic
transport. Then, the influence of the surface exchange on the oxygen permeation of
a 50% NFO-50% CTO membrane was studied by varying the NFO-CTO ratio in
the catalytic layers. A correlation of both techniques allowed us to characterize the
reaction mechanism better and optimize the ratio by improving the surface
exchange reactions of these composite catalytic layers.

3.2.  Sample preparation and characterization

NiFe;O4 (NFO) and CeosTho 20,5 (CTO) ceramic powders were synthesized to
fabricate membranes, porous catalytic layers for oxygen permeation studies, and
porous electrodes for EIS studies. One pot Pechini method was used to prepare the
dual-phase materials. The stoichiometric amount of Ce(NOz3)3-6H.0, and
Fe(NOs);:9H,O provided by Sigma Aldrich, and Tb(NO3)s;-6H.O and
Ni(NO3);-6H,0 from ABCR were mixed in a homogeneous solution. The
precursors were calcined at 750 °C for 5 h, to form the desired spinel and fluorite
phases. Five different composite formulations were prepared by varying spinel and

fluorite content, Table 3. 1.
Table 3. 1. Dual-phase membrane compositions: dual-phase catalytic layer ratios.

Dual-phase composition Acronym

20%Fe;Ni04-80%CeosTho 2025 | 20NFOB0CTO
40%Fe;NiO4-60%CesTho 2025 | 40NFO60CTO
50%Fe;Ni04-50%CeosTho 2025 | 50NFO50CTO
60%Fe;NiO4-40%CeogTho.202-5 60NFO40CTO
800/0F62NiO4-20%Ceo,8Tbo,202.5 80NFO20CTO
Without catalytic layer No layer

For EIS studies, CegGdo.20-. 5 (CGO82) electrolyte disks of 26 mm diameter were
sintered at 1450 °C for 10 h. The screen-printed membranes or electrolytes were

then sintered at 1100 °C for 2 h. To determine the influence of the composition of
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the porous layers in the O, permeation, the 50NFO50CTO composition was
selected for the membranes. Dense specimens were obtained at 1400 °C for 10 h.
Porous layers (~ 30 um) of different ratio NFO-CTO composites were screen-

printed following the same procedure as for the EIS studies.

80ONFO-20CTO

DDLU W R P, U N L U S, S W N N A

3 60NFO-40CTO

e e e A M A A A A e A

3 50NFO-50CTO

AN N | S W LN N -

20NFO-80CTO

Intensity (a.u.)

R I j WA |

I Ni,FeO, | CeO,

30 40 50 60 70 80 90 100
20 (%)

Figure 3. 1. XRD patterns of the NFO-CTO dual-phase powder materials series as
synthesized at 750 °C for 5 h.

The XRD patterns for the different dual-phase materials are shown in Figure 3. 1
for 20NFO80CTO, 40NFO60CTO, 50NFO50CTO, 60NFO40CTO, and
80NFO20CTO. Reference patterns of the single spinel (NFO, CIF code 28108)
electronic phase (EP) and the fluorite (CeO, CIF code 55284) ionic phase (IP) are
also provided for comparison. The XRD for the CTO has a displacement to the
right with respect to the undoped CeO; since Tb** has a lower ionic radius and,
thus, a shorter cell parameter than the pure CeO; (Table 3. 2). Otherwise, NFO
shows no displacement, indicating that none of the other elements are incorporated
in the lattice, confirming the compatibility of these two materials in a composite.
Besides, the dual-phase powders sintered at 750 °C for 5 h by the one-pot Pechini
method showed no secondary phases or impurities. Separately, samples of each

dual-phase composition were calcinated at 1100 °C for 2 h, the same treatment as
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the addition of the catalytic layers. The Rietveld refinement of these samples
(Figure 3. 2 and Figure 3. 3) confirms the ratios for the dual-phase catalytic layers,

reported in Table 3. 2.

a) 40NFOB0CTO b) SONFOS0CTO c) BONFO40CTO
R,,=3.10 — Fit refinement R, =303 —— Fit refinement R, =281 —— Fit refinement
R_ =548 : Epraﬂomenta\ data g Rp=4T3 o E?(Fpenomema\ datal R =412 o E}p:rg.emal data
y iFe. S iFe,f - 1
=3 s =2, 1 GoF =2.15 s
GoF =3.13 ' co, GoF =244 | ceo. - . | ceO,
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Figure 3. 2. Rietveld refinement for the samples treated at 1100 °C for 2 h: a)
40NFO60CTO; b) 50NFO50CTO; c) 60NFO40CTO.

a) 20NFO80CTO b) 80NFO20CTO
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Figure 3. 3. Rietveld refinement for the samples treated at 1100 °C for 2 h: a)
20NFOB80CTO; b) 8ONFO20CTO.

An essential aspect of dual-phase materials is their distribution along the membrane
or the catalytic layer. Both phases must form percolative channels to achieve good
ionic and electronic transport. In addition, dual-phase catalytic layers should have
both phases well distributed and with high porosity, adequate for gas diffusion.
SEM cross-section images shown in Figure 3. 4 allowed us to measure the thickness
of the catalytic layer, which was between 25-35 um for all the samples. Figure 3. 5

shows the dual-phase distribution in the catalytic layers by SEM cross-section
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images (BSD detector). The 20NFO80CTO dual-phase catalytic layer exhibits a
low-percolative electronic structure with isolated NFO grains. This could influence

the electronic transport through the membrane and the oxygen permeability.

Likewise, the opposite ratio (80NFO20CTO) will also affect the oxygen

permeability, which is limited by the ionic percolation. The phase distribution of

the rest of the intermediate-ratio compositions is adequate for the percolation of

both ionic and electronic species.

Table 3. 2. Cell parameters calculated for the different dual-phase samples.

Dual-phase Cell parameter (A) Dual-phase ratio (Yva)
ratio NiFe:04 Ceo.8Tho.202-5 NiFe204 Ceo.sTho.202-5
20NFO80CTO 8.34 £ 0.04 5.383 + 0.003 20.6 79.4
40NFO60CTO | 8.325+0.003  5.383 +0.002 41.1 58.9
S50NFOS50CTO | 8.332+0.001 5.3889 + 0.0004 51.1 48.9
60NFO40CTO | 8.320+ 0.005 5.381 + 0.004 60.6 39.4
80NFO20CTO | 8.331+0.002 5.391 + 0.001 80.5 19.5

20NFO80CTO | 2)

20 pm

| — | —

40NFO60CTO

80NFO20CTO

Figure 3. 4. Cross-section SEM image for the different dual-phase layers: 1)

50NFO50CTO

20NFOB80CTO; 2) 40NFOG0CTO; 3) 50NFOS50CTO; 4) 60NFO40CTO and 5)

80NFO20CTO.
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Figure 3. 5. SEM cross-section images with the BSD detector for 20NFO80CTO,
50NFO50CTO, and 8ONFO20CTO catalytic layers.

3.3. EIS study for different ratios in dual-phase

electrodes

EIS analysis on symmetrical cells enabled us to study the surface reactions for
catalytic layers and understand the limitations of the dual-phase composition. Here,
different dual-phase materials (20NFO80CTO, 40NFO60CTO, 50NFO50CTO,
60NFO40CTO, and BONFO20CTO) were measured as electrodes in a temperature
range between 850 °C and 700 °C in air and fixing the temperature at 850 and 700
°C, at different pO..

Figure 3. 6 shows the polarization resistance (Rp) as a function of the temperature
and electrode composition. The polarization resistance accounts for the electrode
resistances involving various gas-exchange steps. The inset in Figure 3. 6 shows
the Nyquist plot of 50NFO50CTO at 850 °C in air. Overall, the best-performing
electrode is the 20NFO80CTO showing a R, of 0.117 Q-cm? at 850 °C in air,
followed by 40NFO60CTO, 50NFO50CTO, 60NFO40CTO, and 8ONFO20CTO,

respectively.
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Figure 3. 6. Polarization resistance (R) for the dual-phase electrodes (20NFO80CTO,
40NFO60CTO, 50NFO50CTO, 60NFO40CTO, and 8ONFO20CTO) from 850 to 700 °C
In airr.

The impedance spectra of the cells with 60NFO40CTO, 50NFO50CTO, and
40NFO60CTO electrodes show that the polarization resistance increased as
temperature decreased (Figure 3. 7). Qualitatively, the major resistive contributions
are shifted progressively towards lower frequencies with decreasing temperatures.
Figure 3. 8 represents the impedance spectra for the cells with SONFO20CTO and
20NFOB80CTO electrode compositions. The higher amount of ionic phase (CTO)
in the dual-phase electrode provides a lower polarization resistance (R,), which can
also be correlated with a higher oxygen permeation, as shown in the next section.
Remarkably, the difference in Ry is 10 times lower for 20NFO80CTO compared to

80NFO20CTO (Figure 3. 8) at 850 °C.
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Figure 3. 7. Impedance spectra for symmetrical cells (Nyquist (a) and Bode (b)
diagram) with different concentrations of dual-phase materials (60NFO40CTO,
50NFO50CTO, and 40NFO60CTO) as electrodes in air at different temperatures (T =
850-700 °C) (ohmic losses were subtracted for clarity reasons).
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Figure 3. 8. Impedance spectra for symmetrical cells (Nyquist (a) and Bode (b)
diagram) with different concentrations of dual phase materials (80NFO20CTO and
20NFO80CTO) as electrodes in air at different temperatures (T = 850-700 °C) (ohmic
losses were subtracted for clarity reasons).

Impedance spectra were fitted to the equivalent circuit: L + Rohmic + RQmr +RQur
(Rp = Rwr + Rue) since it is possible to distinguish two contributions in the high and
mid frequency range (HF and MF). The 20NFO80CTO material presented another
resistance at low frequencies, Rir. The fitting parameters of the equivalent circuit

are available in




Table 3. 3.
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Table 3. 3. Fitted parameters of the equivalent circuit for all the samples in air at 850 °C.

Fit | Units NFO/CTO
20/80 40/60 50/50 60/40 80/20
R aemz| 0022 0.21 0.418 0.339 0.289
HF +0.003 +0.02 +0.007 +0.001 +0.004
Cegue | Flom? | 1.95:10°  8.62:10°  6.62:10°  2.42.105  1.67-10*
®HF Hz 3.72-103 8.84-10* 5.75.10* 1.94-10* 3.31-10°
R oemz | 0:085 0.056 0.075 0.090 0.873
MF +0.005 +0.003 +0.002 +0.001 +0.005
Ceque | Flcm? | 3.45-10°  1.50-10°  1.52:10%  159.10°  3.05-10%
OMF Hz 1.35-102 4.71-102 3.48.102 2.76-102 1.49-102
0.010
A2
RLF Q-cm +0.002
Cequr | Flem? | 5.72:107
oLF Hz 8.16

The processes that occur at HF can be related to electronic conduction, whereas
MF processes can be connected to the dissociation of O, on the TPB %%, The
resistance at higher frequencies increases at lower temperatures. We attribute this
to the NFO’s poor total conductivity compared with, for example, LagsSrosMnOs;
(electronic semiconductor material commonly used), 0.26 S-cm™, and 300 S-cm™,
respectively 334, By comparing the activation energy (E.) of each contribution and
the activation energy for the R, (Table 3. 4), it is possible to infer the nature of the
limiting step in these electrodes. For all of them (except for SONFO20CTO), the Ea
of Ry, is closer to the contribution at HF, indicating that electronic conductivity is
the dominant contribution. Therefore, the best performance is observed for the
electrode with less NFO content, 20NFO80CTO. In the case of BONFO20CTO, the
Ea for the Ry, is closer to the contribution of MF rather than HF, which is attributed
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to the low availability of TPBs and low ionic-conductivity percolation due to the
low amount of CTO.

Table 3. 4. Activation energy (Ea) for the global and the different contributions and the
polarization resistance at 850 °C.

Ea Rp Ea RuF Ea RvrF Ea RLF Rp (850 °C)
eV eV eV eV Q-cm?
20NFO80CTO 0.59 0.81 0.39 1.15 0.117
40NFO60CTO 0.57 0.46 0.88 0.265
50NFO50CTO 0.64 0.40 1.28 0.493
60NFO40CTO 0.75 0.58 1.16 0.429
80NFO20CTO 1.24 1.02 1.30 1.162

An EIS experiment at different pO, was carried out to more precisely study the
surface reactions and the other contributions. Figure 3. 9 shows the contribution of
the cells when the pO. decreases stepwise from 21% to 2.1% at 850 °C. By reducing
pO,, a new contribution appears at low frequencies (LF). The three different
contributions in the impedance spectra are fitted to the following three resistance:
Rp = Rir + Rur + Rur. The low-frequency contribution (LF), which can be related
to the gas diffusion of the O, %, shows the strongest increment of its associated
resistance (R.r) with decreasing pO.. This R.r increment is particularly pronounced
in the case of 20NFO80CTO compared to the others .

The resistance for the distinct contributions’ changes with the pO; following a
power law (Eg. 3. 1), where the exponent is characteristic of the controlling surface-

exchange step:
Ri~pO;™ Eqg.3.1

n=1l:  0,(g) © 03 q4s Eg. 3.2
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Figure 3. 9. Impedance spectra for symmetrical cells (Nyquist (a) and Bode (b)
diagram) with different concentrations of dual phase materials (60ONFO40CTO,
50NFO50CTO and 40NFO60CTO, and 20NFO80CTO) as electrodes at 850 °C in
different pO; (pO2 = 0.21-0.02) (ohmic losses were subtracted for clarity reasons).

The polarization resistance contributions of 20NFO80CTO, 40NFO60CTO,
50NFO50CTO, and 60NFO40CTO are shown in Figure 3. 10. The resistance at
mid frequencies (Rmr) can be associated with the incorporation of oxygen
(exponential factor near -1/2 as in Eq. 3. 3) or with low concentrations of TPB
(exponential factor is near -1/4 as in Eq. 3. 4) *%. These two steps typically control
the surface-exchange Kkinetics in dual-phase materials. Resistances at low
frequencies and with an exponential factor near -1 are associated with sluggish O
gas diffusion . 20NFO80CTO and 80NFO20CTO electrodes are limited by MF
processes (See Figure 3. 10 and Figure 3. 11). For 20NFO80CTO, the limiting step
is related to the TPB concentration (n = -1/4,) but for the 80NFO20CTO, the
limiting step is the dissociation of the oxygen (n =-1/2). The limiting step appearing
at higher frequencies (HF) can be correlated to the low conductivity of the NFO
(0.26 S-cm'* at 800 °C) *.
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Even so, for 20NFO80CTO, the resistance at MF associated with the TPBs
concentration is similar to the resistance at LF (gas-phase diffusion of Oy) at low
pO2, while HF resistance is lower. This is in line with the optimal performance of
20NFOB80CTO observed for this composite series.
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Figure 3. 10. Polarization resistances of the cells with different amounts of NFO and
CTO as electrodes as a function of the pO, = 0.21-0.021 atm at 850 °C.

R, contributions of the 8ONFO20CTO are shown in Figure 3. 11, displaying the
highest Rp compared to the other samples. The limiting contribution is related to
oxygen dissociation (exponential factor -1/2). Additionally, a contribution at very
high frequencies (1-10 kHz) becomes visible and can be related to the electronic
transport in NFO, for which pO, dependence (n = 0) is associated with the restricted
transport of oxygen ions to the CTO phase *'. This resistance does not depend on

the pO2; thus, it is not controlled by surface exchange reactions.
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Figure 3. 11. Polarization resistances of the cell with SONFO20CTO electrodes as a
function of the pO, = 0.21-0.021 atm at T = 850 °C.

3.4. Influence of the catalytic layers on the oxygen

permeation

Oxygen permeation studies were performed in the range from 850 to 700 °C for
650 pm-thick 50NFO50CTO monolithic membranes and different compositions of
the dual-phase catalytic layers, xNFO(100-x)CTO (x = 20, 50, 60, and 80). A bare
membrane without a catalytic layer was also measured for comparison. Figure 3.
12 illustrates the improvement of the oxygen permeation flux by adding a catalytic
layer regardless of its composition, as expected from the improvement of the

determining surface gas exchange .

In general, the surface exchange reaction includes two known mechanisms of
oxygen transport: (i) the oxygen diffuses through the surface of the catalytic layer,
and (ii) the oxygen ions are transported by the ionic phase of the catalytic layer
until the bulk of the membrane. In the case of 8ONFO20CTO, the abundant
electronic phase blocks the oxygen-ion transport through the catalytic layer and

limits the reaction in TPB, as shown in the schematics in Figure 3. 13a. In the case
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of 20NFO80CTO, ions may go through the interphase and the surface, having both
transport mechanisms as depicted in Figure 3. 13D, resulting in the highest oxygen

permeation observed in Figure 3. 12.
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Figure 3. 12. Oxygen permeation at 850-700 °C for 50NFO50CTO membranes with
different dual-phase catalytic layer compositions.

For the 40NFO60CTO, 50NFO50CTO, and 60NFO40CTO dual-phase membrane
materials, the highest oxygen permeation flux has not been achieved by the one
with more ionic phase (4ONFO60CTO) at 850 °C %. Consequently, the intrinsic
difference in transport mechanism between the gas-tight separation layer
(membrane) and the surface-activation catalytic layer is reflected in a distinct
optimal composition of each dual-phase functional layer. The percolative channels

are more influential in bulk transport than surface-exchange reactions.
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Figure 3. 13. Oxygen mechanism transport for the catalytic layer of a) 80NFO20CTO
and b) 20NFO80CTO.

As already explained, the activation energy (E.) is related to the process’s limiting
steps. In the case of oxygen transport through ionic membranes, there are two main
limiting steps: surface exchange reactions and diffusion through the bulk. The
diffusion through the bulk follows Wagner’s Law and is controlled by temperature
and pO; gradient, the thickness of the membrane, and the ambipolar conductivity
3, Typically, lower E, values indicate that the dual-phase membrane permeation is
controlled by bulk diffusion, while higher E. values involve an increasing influence
of surface exchange reactions %, In the present study, the activation energies have
a similar correlation to oxygen permeation, i.e., the higher the oxygen permeation

flux, the lower the activation energy.

Table 3. 5 shows E, values and the oxygen permeation flux (Jo2) at 850 °C of the
different catalytic layers: 20NFO80CTO, 40NFO60CTO, 50NFO50CTO,
60NFO40CTO, 80ONFO20CTO and no catalytic layer. 60NFO40CTO has a higher
activation energy than the rest, thus being more limited by surface-exchange
reactions. 50NFO50CTO catalytic layer showed the exception in behavior with the
lowest E. in this study. A plausible explanation could be that the membrane and the

catalytic layer have the same composition, thus, the interface and attachment are
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most optimal in this case. Still, it exhibits lower oxygen permeation flux than the
catalytic layer 20NFO80CTQO, which can be explained by a higher absolute number
of TPB to incorporate O%. And this one has twice lower E.than 8ONFO20CTO,
indicating that the ionic phase is fundamental to improving the oxygen transport
and the surface reactions in the catalytic layers.

Table 3. 5. Results of oxygen permeation studies over a 650 pm-thick 50NFO50CTO
with different compositions of catalytic layers: activation energy (850-700°C); and oxygen
permeation at 850°C.

Catalytic layer Ea Jo? Joz (850 °C)
composition eV mL-min~?-cm?
20NFO80CTO 0.84 +0.04 0.202 + 0.002
40NFO60CTO 0.90+0.01 0.135 + 0.002
50NFO50CTO 0.78 +0.01 0.151 +£0.001
60NFO40CTO 1.12+0.01 0.169 + 0.001
80NFO20CTO 1.58 +£0.05 0.082 +0.002
No layer 2.18+0.05 0.060 + 0.002

3.5. Conclusions

The influence of the composition of dual-phase porous catalytic layers on the
oxygen-membrane separation was investigated by oxygen transport and
electrochemical methods. EIS studies showed a decrease in polarization resistance
as the amount of ionic phase in the catalytic layers increases, which agrees with the
oxygen permeation studies. For the catalytic layer with the highest amount of ionic
phase (20NFO80CTO), the surface exchange reaction is controlled by the processes
occurring at mid frequencies (around 100 Hz), which are related to the TPB
concentration. On the other hand, the rest of the electrodes are controlled by high-
frequency processes (about 1000-10000 Hz), which indicates that these catalytic
layers (electrodes) are limited by electronic conduction. The experiments at

different pO, allowed for characterizing the limiting steps for each dual-phase
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layer. 8ONFO20CTO layer mechanism is determined by 2 steps: the principal
appears at MF and with an exponent of n=-1/2 related to the O, dissociation; the
second one appears for HF and with n = 0 that indicates insufficient electronic
conductivity of the NFO (0.26 S-cm™ at 800 °C). In the case of intermediate phase
ratios, i.e., 60NFO40CTO, 50NFO50CTO, and 40NFO60CTO, the transport
process is limited by 3 steps: the principal appears at HF and with an exponent of
n=-1/4 that indicates the low density of three phase boundary; the second one
appears at MF (n=-1/2) indicative of O, dissociation limitations; and the last one at
LF (n=-1) ascribed to low oxygen concentration related with its adsorption (or gas
diffusion). The latest case is for 20NFO80CTO, showing the primary limiting step
at MF (n=-1/2) related to limited TPBs. Still, the low total resistance suggests that
the diffusion of O, becomes very limiting at low pO., unlike other dual-phase
electrodes. Among these materials, the optimal catalytic layer is the one with the
highest amount of ionic phase (20NFO80CTO) that reaches an oxygen permeation
flux of 0.2 NmL-min"t-cm? on a 50NFO:50CTO membrane at 850 °C. The lowest
activation energies in oxygen permeation were obtained for 20NFO80CTO and
50NFO50CTO, being 0.84 and 0.78 eV, respectively. The oxygen permeation is
controlled by the oxygen bulk diffusion rather than the surface exchange reactions
for these two layers. Moreover, the 20NOF80CTO exhibits the highest oxygen
permeation flux. There is a correlation between the response of the
electrodes/catalytic layers from EIS tests and the ApO.-driven oxygen permeation
studies. Dual-phase layers with a higher proportion of ionic phase showed the
highest performance in both studies. Therefore, it can be concluded that for dual-
phase catalytic layers, the surface exchange reactions are controlled by steps related

to the ionic phase rather than the electronic phase.
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4.Novel dual-phase MIEC membranes

for catalytic membrane reactors.

4.1. Introduction

As aforementioned, the previous study was focused on dual-phase materials based
on NiFe;04/CeosTho2025 (NFO/CTO) with spinel and fluorite crystal phase
structures. This composite material exhibits high stability in CO, atmospheres and
can even be stable in the presence of low amounts of SO, without permanent
degradation 3. However, this material shows limited permeation rates compared

to other dual-phase materials *.

In this regard, the primary goal of this study is to improve the permeation for this
type of dual-phase OTMs. For that purpose, it was chosen 20% terbia-doped ceria
(CeosTho 2025, CTO) as ionic conductor material and Co,MnQO4 (CMO) replacing
the NiFe,O4 phase (NFO)® to study the effect of changing the electronic phase in
comparison to previous works 2287 The rationale behind the choice of CMO was
due to its high electronic conductivity compared to NFO. Namely, the electric
conductivity for CMO and NFO is 60 and 0.26 S-cm™* at 800 °C, respectively °. In
addition, this material is of some interest as a cathode for Solid Oxide Fuel Cells
(SOFC) because it is commonly used as a current collector in SOFC stacks 8°.
Improving the electrical conductivity could allow for a lower amount of the
electronic phase, thus increasing the amount of the ionic conductivity phase while
remaining stable under CO,. This would result in higher ambipolar transport, thus
boosting oxygen permeation. The ratio of the dual-phase (Co:MnO4/CesTho202-5)
material was fixed to 40% vol. for the electronic phase and 60% vol. for the ionic

phase. This study introduces this dual-phase material as a promising candidate for
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OTMs in oxycombustion processes, improving oxygen permeation in CO, gas

environments.

4.2. Sample preparation

C02Mn04/CepsTho 2025 (CMO/CTO) dual-phase material was prepared by the
modified Pechini method, as explained in Chapter 2. This dual-phase material was
produced in one pot with a mixture of all the precursors for both phases. To obtain
both phases, it was calcinated at 850 °C for 5 h. The dense membranes and the
rectangular bars (for total conductivity measurements) were sintered at 1200 °C for
5h. The catalytic layers were sintered at 950 °C for 2 h after screen-printing
deposition on the dense membrane surfaces. In the case of electrochemical
impedance studies, the electrodes of this dual-phase material were sintered at the

same temperature as the catalytic layers but on a CeosGdo20;-5 electrolyte.

For this study, two types of samples were considered: one for the oxygen
permeation studies and stability in CO, and SO and the other for oxygen
permeation studies under methane atmospheres. The dimensions of the membranes
are specified in Table 4. 1. This membrane formulation will be limited by bulk
diffusion, the thickness of the membrane. The optimal dimensions for OTMs for
maximizing O, permeation is a thin, dense membrane, between 15-30 um, on a
porous support to achieve enough mechanical stability. In this case, dense
membranes with more than 600 um were produced to secure the mechanical

strength.

Table 4. 1. Physical dimensions for the dual-phase membranes used in this chapter.

Material Environment Membrane Catalytic layer

study thickness (um) thickness (um)
40% NiFe204- 60% CeosTho2025 | Ar, COz2and SOz 679 35~30
40% NiFe204- 60% Ceo.sTho202-5 Ar and CHq 684 35-30
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4.3. Physical characterization and total conductivity
4.3.1. Microstructural characterization

X-ray diffraction (XRD) confirmed the crystal structure and phase purity of the
synthesized CMO/CTO samples, shown in Figure 4. 1. The Rietveld refinement of
the membrane sample sintered at 1200 °C (Figure 4. 1a) revealed the composition:
45.7 %vol of CMO and 54.3% vol. of CTO for the dual-phase material. Figure 4.
1b shows the XRD pattern for the dual-phase material calcined at 800 °C for 5 h (at
the bottom) and for the rectangular bar at 1200 °C for 5 h (at the top). Here, the X-
ray diffraction patterns for both phases revealed the absence of detectable
impurities. The diffraction peak position was maintained, indicating that the dual-
phase material did not suffer any compositional change upon annealing at higher
temperatures. The sharper peaks observed for the sample calcined at 1200 °C
illustrate the expected increase in crystallinity, maintaining the principal peaks for
the CTO and CMO at 28.7 ° and 36.2 °, respectively. The compatibility of both
phases -even reached via one-pot synthesis- is remarkable, yet when other related
fluorite-spinel composites, such as CeosGdo201.9-FeC0,04 1, lead to secondary

phases, e.g., perovskites, along the grain boundaries.

a) b)
! "R,,=378 ' ——Fitrefinement calcined at 1200 °C
R =480 Experimental datal * sample holder
o I Co,MnO,
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Figure 4. 1. a) Rietveld refinement for CMO/CTO calcined at 1200 °C for 5 h. The
ICSD code for CMO was 01-084-0482, and for CTO 01-083-5824; b) X-ray diffraction
for CMO/CTO after calcined at 800 °C (bottom) and at 1200 °C (top).
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To assess the density of the membranes, cross-section images were taken by
performing scanning electron microscopy (SEM) (Figure 4. 2a). SEM analysis
confirms that the membrane is dense, but some occlusive porosity can be observed.
Furthermore, the backscattered electron detector (BSD) was used to see both phases
with good percolative paths (Figure 4. 2b). Therefore, ambipolar diffusion through
the dual-phase membrane could occur without percolative impediment , thus
increasing oxygen diffusion.

A
]

-

Figure 4. 2. SEM cross-section images for 40CMO60CTO membrane: a) with the ESB
detector and b) with the BSD detector.

4.3.2. Total conductivity

One of the main objectives of this study was to influence the oxygen permeation of
the dual-phase spinel/fluorite materials by tailoring the electronic conductivity of
the composite, i.e., using CMO as a better electronic conductor than NFO. The
reason for the difference in electronic conductivity between these two materials is
ascribed to the conduction through different carriers. According to Sutka and Gross,
NiFe,O4 crystalizes in an inverse spinel structure in which Ni?* cations are located
in the octahedral sites of the spinel and presents n-type conductivity, which is based
on hole (h+) hopping between Ni?* and Ni** in octahedral sites (Ni?* + h* <> Ni®")
12 However, NFO can change to p-type depending on the fabrication method,
especially when the fabrication method leads to higher Ni®*/N'?* ratios 3. In that
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case, the conductivity mechanism will be based on electron hopping between Fe3*
+ e —Fe?. On the other hand, Co,MnOs has p-type conductivity **. In this spinel,
both Co®" and Mn?* cations are located in the octahedral sites, and conductivity is
based on electron hopping on these species, especially between Mn3* and Mn**. It
is possible that both the differences between the conductivity mechanism and the
electronic configuration gave rise to the huge difference in electrical conductivity,
which could also be associated with favorable (less energy demanding) redox
requirements of Mn oxidation/reduction transitions if compared to Fe ones.
Increasing the electric conductivity is expected to have an impact on the O,
permeation, following the Wagner equation (Eq. 4. 1):

] — RT flnpoz TionTel
02 = 42p2 Y

np), oionwela InP,, Eq. 4.1
Where R is the gas constant, T is the membrane temperature, F is the Faraday
constant, L is the membrane thickness; InPo>” and InPo,” are the oxygen partial

pressures for the sweep and the feed chamber; 222¢L js the ambipolar conductivity

Tiont0el

(oamb), formed by the product of ionic and electronic conductivity and divided by

the total conductivity *°.

In this study, the total conductivity of the CMO/CTO material was measured and
shown in Figure 4. 3. Also, it was compared with the CTO and other dual-phase
material (NFO/CTO), a very stable material in CO, 2°. Remarkably, the total
conductivity of the CMO/CTO material is more than one order of magnitude higher
than that of the NFO/CTO composite, 0.77 S-cm™ and 0.07 S-cm, respectively, at
800 °C in air ©. The CTO has a total conductivity of around 0.034 S-cm™* at 800 °C

in air.
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Figure 4. 3. Total conductivity in air at different temperatures for the dual-phase
materials 40CMO/60CTO (this study), 40NFO/60CTO, and CTO &.

4.4. Electrochemical studies

The electrochemical properties of this dual-phase material were characterized by
EIS. The dual-phase material was deposited on both sides of a disk-shaped CGO
electrolyte as a porous electrode. This study entails two parts: (i) evaluating the
influence of pO; at 850 °C and (ii) the effect of temperature, studied under different
atmospheres. Namely, air, 5% of 0./95% Ar, and 5% 0,/95% CO,. These studies
aim at discerning the limiting steps on surface reactions for this dual phase as
oxygen-exchange activation layers under OTM operational conditions. A previous
study based on NFO/CTO dual-phase materials shows how polarization resistances
obtained by EIS studies have a direct correlation with oxygen permeation 6. To
investigate the influence of different oxygen concentrations in the surface exchange
reactions, the composite material was studied by EIS for different pO. at 850 °C,
represented in Figure 4. 4 as Nyquist (2) and Bode (b) diagrams. The resistance for

the different contributions follows a power law with the pO. as shown in Eqg. 4. 2,
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where the exponential number is characteristic of the controlling step in the surface
exchange reaction mechanism: Eq. 4. 2 to Eq. 4.6 7.

Ri~p0;" Eq. 4.2
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Figure 4. 4. Impedance spectra for symmetrical cells with CMO/CTO electrodes
(Nyquist and Bode diagram) for dual-phase material CMO/CTO as the electrode at 850 °C
at different pO, (pO2= 0.21-0.05 bar) (ohmic losses were subtracted for clarity reasons).
Decreasing the oxygen concentration does not reveal a significant increase in the
initial surface contributions. However, at pO, of 0.11 and 0.05 bar, another
contribution appears at low frequencies (lower than 10 Hz). The impedance spectra

were fitted to the equivalent circuit Ry = Rvr + Rur + Rir, Table 4. 2. The results
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for Rp and each contribution resistance are shown in Figure 4. 5 for the pO, range
0.21-0.05 bar at 850 °C.

Table 4. 2. Fitted parameters of the equivalent circuit for CMO/CTO catalytic layer at
850 °C in different pO..

Fit | Units 0.21 0.16 0.11 0.05
Rp Q-cm? | 0.35+0.02 0.38 £ 0.02 0.41+0.02 0.47 +0.02
Rur | Q-cm? | 0.181+£0.008 0.177+0.008 0.208 +0.008 0.228 + 0.007
Cegnr | F-cm? 4.86-10° 4.81-10° 5.14-10° 5.34.10°
HF Hz 1.81-10* 1.87-10* 1.49.10% 1.31.10*
Rwvr | Q-cm? | 0.172+0.009 0.200+0.008 0.18+0.01 0.202 +0.009
Ceqwr | F-cm? 7.33-10* 7.11-10* 1.10-10° 1.33-10°
OVF Hz 1.26-10° 1.12-108 8.08-10? 5.90-102
Rir | Q-cm? 0.019+0.003 0.042 +0.004
Ceqrr | F-cm? 0.76 0.48
oLF Hz 11.13 7.85
850 °C
1 : T 1 - 1 |l ™ Rp
— o p02-0.21 o RHF
_______ B e A g T A RMF
o o p02 0.18 » RLF
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Figure 4. 5. Polarization resistance (Rp) and different fitted resistances (Rur, Rvr, and
RLr) measured 850 °C at different pO, (from 0.21 to 0.05 bar) for symmetrical cells with
CMOJ/CTO electrodes.
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Here, the resistance at low frequencies (R.r) can be associated with the oxygen gas
diffusion and adsorption (exponential factor 1.16, close to 1 as in Eq. 2) 6. The Rur
contribution at mid-frequencies and Rxe contribution at high frequencies are very
similar. Both can be associated with oxygen-ion adsorption through both phases
(exponential factor 0.08 for Rue and 0.18 for Rue, near 1/8 as in Eq. 6) 1819,

Figure 4. 6 collects the Nyquist and Bode diagrams for the CMO/CTO porous
catalytic layer from 850 to 750 °C in air, at 5%0,/95% Ar and 5% of 0,/95% CO..
It can be observed that the lower the temperature, the higher the polarization
resistance (Rp), following a monotonical Arrhenius behavior. At 850 °C, the R, for
the three environments is very similar, but at 700 °C, the polarization resistance for

CO, environments differs from the others.
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Figure 4. 6. Polarization resistance and different fitted resistances associated with the
HF, MF, and LF contributions of the electrode 40CMO/60CTO at different temperatures
and different environments: air, at 5% of O, in Ar and 5% of O and 95% of CO..
These EIS data were fitted to the equivalent electrical circuit R, = Rwr + Rur + Rir
(Table 4. 3, 4. 4 and 4. 5), as shown in the inset in Figure 4. 7a. It is also interesting
to mention how the highest contributions shift to lower frequencies when the

temperature decreases, Figure 4. 7b. At 700 °C in CO; environments, the low-
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frequency and mid-frequency contributions are combined, with a maximum
frequency of 23 Hz.
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Figure 4. 7. a) Polarization resistance (Rp) and different fitted resistances (Rur, Rmr, and
R.r); b) Different fitted maximum frequency for the different contributions (wnr, wur and
W|_|:).

Table 4. 3. Fitted parameters of the equivalent circuit for CMO/CTO catalytic layer at
different temperatures in air.

Fit Units 850°C 800°C 750°C 700°C
Rp Q-cm? | 035+0.02 052+003 121+01 236+0.2
Rur | Q-cm? | 0.181+0.008 0.24+0.01 0.47+0.06 0.98+0.12
Cegnr | F-cm™ 4.85-10° 6.16-10° 6.04-10° 8.90-10°
WHF Hz 1.81-10% 1.08-10* 5.58-10° 1.82:103
Rve | Q-cm? | 0.172+0.009 0.28+0.01 0.74+0.05 1.38+0.11
Ceqwr | F-cm? 7.33:10* 8.06-10* 8.67-10* 1.23-10°3
DVF Hz 1.26-103 6.94-102 2.47-10? 9.36-10
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Table 4. 4. Fitted parameters of the equivalent circuit for CMO/CTO catalytic layer at
different temperatures in 5% of O..

Fit Units 850°C 800°C 750°C 700°C
Rp Q-cm? | 0.47 £0.02 0.85+0.12 153+0.14 2.78+0.36
Rur | Q-cm? | 0.228 + 0.006 0.43+0.06 0.70+0.08 1.16+0.19
Cegnr | F-cm? 5.34.10° 6.39-10° 7.56-10° 9.45.10°
OHF Hz 1.31-10* 5.89-10° 2.99-10°8 1.45-10°
Rve | Q-cm? | 0.202+0.009 0.40+0.05 0.83+0.07 1.62+0.17
Cequr | F-cm? 1.33-10° 1.53-10° 1.61-10°° 1.59-10°
OMF Hz 5.90-10? 2.59.102 1.19-102 6.19-10
RLF Q-cm? | 0.042 +£0.004 0.016 + 0.005
Ceqrr | F-cm? 0.48 1.94
OLF Hz 7.85 5.19
Table 4. 5. Fitted parameters of the equivalent circuit for CMO/CTO catalytic layer at
different temperatures in 5% of O, and 95% CO..
Fit Units 850°C 800°C 750°C 700°C
Rp Q-cm? | 0.49+0.02 0.88 +£0.03 1.80+0.02 4.15+0.07
Rur | Q-cm? | 0.160 £ 0.006 0.235+0.008 0.40+0.01 0.71+0.03
Cegur | F-cm? 5.89-10° 6.60-10° 8.55.10° 9.15-10°
OHE Hz 1.69-10* 1.03-10* 4.67-10° 2.45.10°
Rvr | Q:cm? | 0.26+0.01 0.61+0.01 140+0.01 344+0.04
Ceqwmr | F-cm? 2.00-10° 1.60-10° 1.25.10°% 1.05-10°
OMF Hz 5.94.102 2.09-102 7.09-10 2.31:10
RLF Q-cm? | 0.071+£0.006 0.040 + 0.007
Ceqrr | F-cm? 0.51 1.83
OLF Hz 4.35 2.20

Here, for the dual-phase catalytic layer in air, the R, increases from 0.35 Q-cm? at
850 °C to 2.36 Q-cm? at 750 °C. This performance is similar at 5% of O, in Ar,
obtaining 0.47 Q-cm? at 850 °C and 2.78 Q-cm? at 750 °C. On the contrary, when

the environment changes to 5% O, in CO,, the polarization resistance is similar at

the other environments at 850 °C, but it increases one order of magnitude at 750 °C,

0.49 Q-cm? and 4.15 Q-cm? respectively. In this study, both principal contributions

(Rurand Rwr) are in the same range for the atmospheres without CO». In contrast,
in 5% of Oz in CO;, both contributions were highly differentiated, with the Rue

higher than the Rue. Mid frequencies are related to surface reactions and adsorption
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processes. In this case, the presence of CO; could interfere with the oxygen
adsorption, increasing the resistance for these processes 6. The activation energies
(Ea) for the polarization resistances with both principal contributions are compared
in Table 4. 6. The Ea for R, for the CO.-free environments had a similar value to
the E. for the resistances at high and mid frequencies, indicating that both
contributions had the same relevance. In addition, the E, for R, in CO, was closer
to Ea for the Rwr, indicating that in CO: environments, the surface exchange
reactions were limited by the adsorption processes. These results suggest that the
material could potentially be used as an oxygen electrode in solid-oxide cells (SOC)
in CO2-rich environments to electrochemically supply oxygen in oxycombustion

processes.

Table 4. 6. The activation energy (E,) for the global and the different contributions and
the polarization resistance at 850°C.

Ea (Rp) Ea (Rur) Ea (RuE) Ry (850 °C)
eV eV eV Q-cm?
21% O 1.23 1.08 1.36 0.353
5% O 1.11 1.01 1.31 0.472
5% 02 95% CO> 1.34 0.93 1.63 0.488

4.5. Oxygen permeation studies

The dual-phase membrane consisting of 46%... CMO, and 54 %.,. CTO sintered
at 1200 °C exhibited a remarkable increase in total conductivity compared to
NFO/CTO. In order to enhance the permeation properties, a porous catalytic layer
of the same material, CMO/CTO, was added on both sides of the dual-phase
membrane. Two bulk membranes with a thickness of ~650 um and catalytic layers

with a thickness of ~30 um and an active surface of 64 mm? were employed here.

The oxygen permeation experiments were performed in air at the feed side and Ar

at the sweep side. The flows for those chambers were 100 mL-min* of air in the
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feed chamber and 150 mL-min? for the sweep chamber, analyzing the oxygen
permeation from 850 °C to 700 °C. Furthermore, it was measured with pure oxygen
at the feed side, equivalent to pressurized air conditions (air feeding at 5 bar). O
permeation results for both conditions are represented in Figure 4. 8 and Table 4.
7.
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Figure 4. 8. a) Oxygen permeation of a 680 um-thick CMO/CTO dual-phase membrane
under air and pure O, environment; b) Oxygen permeation of CMO/CTO and NFO/CTO
dual-phase membranes under air at different temperatures®.

Table 4. 7. Oxygen permeation values for CMO/CTO dual-phase membrane under air
and pure O environment.

Temperature| ~ Joz (ML-min-cm?)

(°C) oxygen Air

850 0.2771 £ 0.0006|0.2020 + 0.0009
825 0.220 £ 0.001 |0.1712 + 0.0006
800 0.1780 £ 0.0006| 0.139 +0.001
775 0.149 + 0.002 |0.1086 + 0.0006
750 0.103 + 0.002 |0.0842 + 0.0006
725 0.073+0.001 |0.0631 + 0.0005
700 0.054 + 0.002 |0.0453 + 0.0004

Figure 4. 8a shows the oxygen permeation flux under air and pure oxygen for the
CMO/CTO membrane. At 850°C, the CMO/CTO membrane permeates 0.21

mL-mint-cm?, and, when fed with pure oxygen, the permeation reached a value of
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0.28 mL-min-cm2 at 850 °C. This permeation is higher than the achieved for the
same ratio composition for NFO/CTO membrane (Figure 4. 8b) that produced 0.07
mL-min?-cm2at 850 °C elsewhere °. Furthermore, the performance is similar to
literature reports by Yi et al. ? using a dual-phase membrane consisting of CMO
and CGO, with values of 0.17 mL-min.cm at 850 °C. The activation energies for
both feeds were very similar, 86.1 kJ-mol™ and 93.7 kJ-mol* for air/Ar and O2/Ar,
respectively. These activation energy values are lower than those achieved for the
NFO/CTO membrane in air/Ar in the range 800-700 °C, which was more than
110 kJ-mol* for all compositions ©, suggesting that gas exchanged is improved in
the CMO/CTO membranes.

In addition, with the oxygen permeation values, it is possible to calculate the

ambipolar conductivity of these dual-phase membranes, Eq. 4. 7.

_ Jo,4*FL P
Oamp = =122 "L In (E) Eq. 4.7
Where oamb is the ambipolar conductivity, L is the thickness of the membrane, Joz
is the oxygen permeation for the dual-phase membrane, T is the temperature of
operation, and P’o2 and P "o, are the oxygen partial pressure in the sweep and the
feed side, respectively. With this data and the total conductivity of the dual-phase
material and the electronic conductivity of the electronic phase, it is possible to
calculate the ionic conductivity of the CTO, Eg. 4. 8.

Oqmpy = —onZel. — ZionTel Eq. 4.8

Tiont0el Otot

Where oot is the total conductivity and o is the total conductivity for the electronic
phase. Table 4. 8 depicts the ambipolar conductivity and the ionic conductivity

values determined using Eq. 4. 7 and 4. 8, respectively, for the NFO/CTO and the
CMO/CTO membranes at 800 °C under air/Ar atmospheres.
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Table 4. 8. Oxygen permeation and conductivities for dual-phase materials at 800 °C
under Air/Ar atmospheres.

Jo2 Otot Oamb Oion

(mL-min.cm?) (S-cm™) (S-cm™) (S-cm™)
40NFO/60CTO 0.05 0.07 0.11 0.03
40CMO/60CTO 0.14 6.31 0.29 0.03

For both studies, the ionic conductivity calculated was 0.030 S-cm, similar to the
total conductivity values of CTO at these conditions (0.034 S-cm), confirming that
the fluorite phase is the only responsible for ionic conductivity in the membrane.
One of the main advantages of dual-phase membranes is their stability in acidic gas
environments, such as in the presence of CO; or SO,. Two different experiments
were made to evaluate the performance of these membranes under these
atmospheres. Figure 4. 9a shows the oxygen permeation in different concentrations
of CO; (0-100%) in the sweep side, and Figure 4. 9b shows the oxygen permeation
and stability test for 150 h in Ar, 30% CO; in Ar and 30% CO; and 250 ppm of SO-
in Ar. In Figure 4. 9a, the total flows of the feed side and sweep side are
100 mL-mint of air in the feed chamber and 150 mL-min* of the mixture (CO, +
Ar) in the sweep chamber at 850 °C.
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Figure 4. 9. Oxygen permeation (Stability studies) of a 679 pm-thick CMO/CTO
membrane with 100 mL-min! of air at the feed side and 150 mL-min! of the different
mixes at the sweep side at 850 °C: a) different concentrations of CO, (0-100%) and b)

24 h of 30% CO, and 24 h of 30% CO, and 225 ppm SO- environments.
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Here, the oxygen permeation increased with increasing CO, concentrations on the
sweep side, from 0.22 to 0.25 mL-min*-cm?, at 850 °C. This behavior was also
described for NFO/CTO dual-phase membranes® and ascribed to the better sweep
and thermal-transfer properties of CO, with respect to Ar 2%, The maximum oxygen
permeation was achieved for 100% CO: in the sweep side. This is a sign of the
absence of any undesired effect or reaction between the CO; and both crystalline
phases. This enhancement in the oxygen permeation under CO; at 850 °C is also
shown in the experiment depicted in Figure 4. 9b. However, in the presence of SO,
the permeation of O, decreased progressively for 24 h, evidencing that SO,
poisoned the membrane, blocking the active sites. Significantly, when CO; and SO;
were removed from the stream, the O, permeation increased again until
0.20 mL-mint-cm. However, the initial oxygen permeation level achieved at the
stability test of 0.22 mL-min-cm was not recovered, indicative of non-reversible

membrane evolution on the SO, stream.

When comparing with NFO/CTO membrane ¢, the oxygen permeation for the
CMO/CTO membrane shows around two times higher values than for the
NFO/CTO membrane at 850°C in air/argon, viz. 0.22 mL-min*.cm? and
0.11 mL-min-cm respectively. This oxygen permeation increase was maintained
under a CO. environment, 0.24 mL-min*.cm? and 0.13 mL-min*.cm? for
CMO/CTO and NFO/CFO membranes, respectively. However, under SO
environments, the loss of permeation capacity was more accentuated for the
CMO/CTO membrane than for the NFO/CTO membrane. This suggests membrane

degradation in the presence of SO, which will be analyzed in the next section.

In this study, the CMO/CTO dual-phase membrane permeation in air at 850 °C was
0.21 mL-min-cm. This permeation value is very close to the standard values in
dual-phase membranes at these temperatures with this thickness (around 600 um)
(Table 4. 9)*. Furthermore, under CO, environments, this CMO/CTO exhibits the

highest permeation flux with 0.25 mL-min-cm2 with pure CO; in the sweep
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chamber. In addition, the oxygen permeation of this membrane in such
environments is very stable over time. These results illustrate that CMO/CTO
composites are promising candidates for OTMs in oxycombustion processes
operating in high-CO; environments, especially if compared with state-of-the-art
materials 4, see Table 4. 9.

Table 4. 9. Oxygen permeation results from dual-phase MIEC membranes at 850 °C
with inert gas (He and Ar) and CO.. All the membranes have a thickness (L) between 500-
700 pum. Extracted from?,

Atm.
Materials (uan) (mL-mi\r]TCl)-zcm'Z) (O-CFZ) pp:s’z:::p Ref.
2
Ce0.9Gdo.102-5 - 500 0.8 875 Air/He ”
Bao.sSrosC00.8F€0.203-5 500 0.2 875 Air/CO;
Ceo_gNdo_202_5 - 600 0.25 850 Air/He 2
NdosSrosFeosAlo203-5 600 0.1 850 Air/CO,
Ceo9Pro102; - 600 0.15 850 Air/He o
Pro.eSro4Feo.09Bio.0103-5 600 0.05 850 Air/CO;
Ce0.8Tho.202.5 -NiFe204 680 0.13 850 Air/Ar 3
+ PreOu 680 0.13 850  AiriCO;
CeosTho.2025 - 679 0.22 850 Air/Ar This
C02Mn0O4 679 0.25 850 Air/CO; study

Therefore, the CMO/CTO dual-phase material has a good oxygen permeation rate
and is stable in CO; environments but low concentrations of SO, will poison the
membrane. The second part of the oxygen permeation study was focused under
reducing atmospheres in the sweep chamber (10%CHs in Ar). Figure 4. 10 shows
the results for this experiment, where flows for sweep side and feed side are 150

and 100 mL-min? respectively,
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Figure 4. 10. Oxygen permeation studies for reducing atmospheres at the sweep side
(10% of methane in argon). Membrane thickness 684 pum.

As can be seen in Figure 4.10a, the oxygen permeation increases almost one order
of magnitude in reducing atmospheres compared with argon sweeping, Figure 4.
10a. This is mainly due to the sweep side with 10% CHys in argon has a pO; in the
order of 10*° bar. This pO, is much lower than pure argon pO; >> 107 bar. At
850°C in 10% methane the oxygen permeations achieve 1.11 mL-min?.cm?,
which is five times higher than in argon, 0.21 mL-min*-cm™. This increase in the
oxygen permeation not only could come from the increase in the partial pressure
gradient. Some reduction of the CMO could be happening, increasing its electronic

conductivity and thus improving the oxygen permeation.
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4.6. Post mortem characterization

After the oxygen permeation studies, both membranes were characterized by XRD
comparing the ICSD patterns for both phases and the fresh membrane, represented
in Figure 4. 11.
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Figure 4. 11. XRD for CMO/CTO before (bottom) and after the stability test performed
with SO (top).

Here, the membrane was compared before the permeation test and after exposure

to SO, during the oxygen permeation test. From the XRD patterns, neither

structural changes nor the presence of secondary phases or impurities could be

ascertained. As seen in Figure 4. 9b, the oxygen flux of the CMO/CTO membrane

dropped progressively with time on the SO, (250 ppm) stream. Even so, when the

SO; is removed, the permeation flux increases again but does not recover the initial
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flux (Figure 4. 9). In order to assess possible structural degradations, the side of the
membrane exposed to the SO environment was analyzed by SEM (Figure 4. 11).

For the CMO/CTO membrane operated under low pO> atmospheres (10% CHj in
Ar), the X-ray diffractogram shown a degradation over the CMO phase and it was
observed a new peak in the XRD pattern that it could not be identify. In these
experiments, the oxygen permeation under these conditions in the sweep chamber
was translated to very high oxygen permeation rates (more than 1 mL-min-t.cm).
After these environments, the membrane did not appear to be permanently affected
by the presence of these atmospheres. This membrane was also analyzed by SEM

to identify the impurity observed in the XRD pattern.

10 pm s § Opm |
y ’.

Figure 4. 12. Cross-section image from SEM of the CMO/CTO membrane after CO,
and SO stability test: a) catalytic layer from the feed side (air); b) catalytic layer from the
sweep side (CO; and SO;); c) EDS SEM analysis for part of the degraded area after being

exposed to SO, environments.

Figure 4. 12 shows SEM cross-section images of both sides of the membrane after
the SO, treatment, revealing microstructural evolution. As expected, the catalytic
layer and the membrane on the feed side (air) were in good condition, Figure 4.
12a, with a thickness of around 30-25 um. However, microstructural changes can
be inferred on the sweep side, Figure 4. 12b. The catalytic layer seems unaltered,
but a new porous layer appeared in the top part of the membrane, with a thickness
of almost 10 um. This porosity was seen before by Garcia-Fayos et al. on the

NFO/CTO membrane after exposure to SO, °. One possible explanation for this
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morphological change is the reaction between the SO, and the doped ceria. Several
studies have revealed the CeO: in the presence of SO, and O, forms of Ce,(SQOas)3
2526 This poisoning increases with the oxygen content, which could explain the
constant decrease of oxygen permeation in the presence of SO, and O,. The
Ce»(S0.); formed could block the active sites (oxygen vacancies), decreasing the
permeation with the increase of Ce2(SO4)s into the doped ceria. The porosity on the
membrane will be formed in the transition between Ce,(SO4); and CeO, after the
exposition to SO,. However, Ce;(SO4)s could not be detected with the XRD
equipment used for this study. The degraded zone was also analyzed with EDS, and
sulfur could not be detected, Figure 4. 12c. Thus, although the formation of cerium
sulfate seems the most probable reason for the membrane degradation, we could
not corroborate its presence with the physicochemical characterization performed

here.

Figure 4. 13. Cross-section image from SEM of the CMO/CTO membrane after oxygen
permeation test under CHa: a) catalytic layer from the feed side (air); b) catalytic layer
from the sweep side (10% methane in argon).

The CMO/CTO membrane exposed under CH4 environments was also analyzed by
scan electron microscopy (SEM), Figure 4. 13. As in the other membrane, the
catalytic layer and the membrane on the feed side were in good condition, Figure
4. 13a. The catalytic layer on the air side also has a thickness around 30-25 pum as
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it was expected. However, the side under methane conditions was different, Figure
4. 13b. As can be noticed, more than 10 pm of thickness on the catalytic layer was
lost. The CMO spinel could be reduced under methane environments and then
sintered, decreasing the porosity and the thickness of the catalytic layer.

4.7. Conclusions.

The use of Co,MnQ; spinel as the electronic phase in composite membranes was
assessed. Here, we proved that the higher electronic conductivity of CMO with
respect to the well-studied spinel (NiFe2O4, NFO) enables to boost the oxygen
transport in these dual-phase membranes. Namely, the increase of the total
conductivity for the dual-phase membrane (CMO/CTO) leads to higher oxygen-
permeation flux values with respect to NFO/CTO membranes, e.g., 0.22 mL-min’
L.em2 and 0.11 mL-min?t-cm at 850 °C under air/Ar, respectively. Furthermore,
the CMO/CTO membrane exhibits the highest permeation in CO, environments
compared to literature and excellent stability during prolonged time, 0.24 mL-min-
Lem? and 0.13 mL-mint.cm? for CMO/CTO and NFO/CFO membranes,
respectively. This oxygen permeation is the highest for this membrane (> 600 um-
thick) obtained in CO, environments®. The SO.-driven membrane poisoning was
more evident than in previous studies for similar dual-phase membranes due to its
increase in oxygen permeation compared to that study °. In addition, similar
surface-morphology evolution on the membrane was detected, but any presence of
sulfur elements was inferred in the post-mortem characterization. This study
illustrates that CMO/CTO composites could be a promising candidate for OTMs or

oxygen electrodes in CO,-capture-enabling oxycombustion processes.

The permeation for the CMO/CTO membrane under methane environments was
significantly high, producing up to 1.11 mL-min-cm? of O,. Despite the stability
test showing the membrane was stable in such environments, post-mortem SEM

images confirmed a degradation on the catalytic layer.
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5. Lowering operation temperature in
oxygen transport membrane reactors

(OTMR) by membrane electrification

5.1. Catalytic membrane reactors based on oxygen

transport membranes.

The decarbonization of the industry has become an important strategy to transition
to a safe climatic future 2. Developing highly efficient and sustainable new
chemical production routes is essential to decrease the carbon footprint of actual
processes. Oxidative and selective reactions using pure oxygen, like CO-capture-
enabling oxy-combustion or oxidative dehydrogenation of paraffins, have been
extensively studied *7. In this matter, oxygen production will take an important
role, and it is essential to develop new technologies that are more efficient and

flexible to achieve these new challenges 3811,

In this matter, Oxygen transport membranes (OTMSs) emerge as an alternative
technology to produce pure oxygen, allowing it to be integrated into current
industrial processes presenting residual heat streams 213, For OTMs materials,
BaosSrosC0oo.sFen 2035 (BSCF)-based membranes have been studied as catalytic
membrane reactors for several relevant reactions to produce hydrocarbon fuels and
chemicals 5148 such as oxygen coupling of methane (OCM), partial oxidation of
methane (POM), water splitting, oxidative dehydrogenation of ethane (ODHE), etc.
ODHE technology has gained industrial interest, driven by the increasing global
ethylene demand (precursor of polyethylene, ethylene oxide, and ethylbenzene),

with expectations of ethylene production reaching almost 200 megatons by 2026°.
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Currently, worldwide ethylene production comes from other sources like methane,
naphtha, liquefied petroleum gas, etc. In fact, the steam cracking of naphtha
represents more than 40% of the ethylene production . From ethane feedstock,
the main ethylene production route is the thermal cracking of ethane, achieving
yields close to 60 and 70% °. Even so, thermal cracking has several issues regarding
the deactivation through coke formation and the necessity of high operation
temperatures (800-900 °C) *°. Nevertheless, new technologies like protonic ceramic
cells are being studied for the thermal cracking of ethane, displacing the equilibrium
at lower temperatures 222, Another approach is oxidative dehydrogenation of
ethane (ODHE), which could be an alternative to this process, Eg. 5. 1. In the
ODHE process, the coke formation is reduced thanks to the presence of oxygen,
and it can be realized in a broad temperature range (300-900 °C) 67192427 These
advantages make this technology a more efficient and sustainable process with
potential for industrial deployment. However, several secondary reactions can
occur in the presence of oxygen and higher temperatures, decreasing the ethylene

yield in the global process, Eq. 5. 2 to Eq. 5. 6 %.

C,Hg + 0.50, 2 C,H, + H,0 AH® = —105.50 kJ /mol Eq.5.1
C,H, + 20, - 2CO + 2H,0 AH® = —757.21 k] /mol Eq.5.2
C,Hys 2 C,H, + H, AH® = 136.33 k] /mol Eq.5.3
C,H, + 2H,0 2 2CO + 4H, AH® = 210.07 k] /mol Eq.5.4
CO + H,0 2 CO, + H, AH® = —41.16 kJ /mol Eq.5.5
€O +0.50, - CO, AH® = —282.98 k] /mol Eq.5.6

When oxygen is supplied to the ethane dehydrogenation reaction, controlling the

0,/C;Hg ratio is essential to avoid a secondary reaction %°, For fixed bed reactors,
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the oxygen is co-fed with the ethane, leading to several secondary reactions,
reducing the ethylene selectivity (Figure 5. 1a) while the inlet O./C;Hs ratio is
maintained out of flammability/explosion limits. Several chemical-looping
technologies have been developed to reduce the inlet O./C;Hs ratio, where the
redox catalyst in situ releases the oxygen (Figure 5. 1b) 1°242%, Here, a promising
alternative to control de O,/C;Hs is an integrated membrane reactor based on Mixed
lonic and Electronic Conductors (MIEC) to control oxygen injection along the
reaction chamber (Figure 5. 1c) 832, In both CMRs based on OTM and chemical
looping reactor, the addition of oxygen is highly distributed, achieving low ratios
of O,/C;Hg. OTMs are made of ceramic MIEC materials, and the oxygen
permeation increases exponentially with temperature, reaching optimal permeation
values at high temperatures, around 800 °C and 900 °C 3132, As mentioned before,
ODHE reaction improves the selectivity of ethylene at low temperatures, so
decreasing the reactor temperature in CMRs could be the key to enhancing

ethylene's selectivity for OTM as catalytic membrane reactors in ODHE reaction.
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Figure 5. 1. Oxidative dehydrogenation of ethane reactors by using different modes of
0, addition: a) Co-feeding of oxygen and C;Hs in a fixed bed reactor; b) Feeding oxygen
through the reduction of the catalyst in a chemical looping reactor; ¢) Feeding oxygen
through an OTM in a catalytic membrane reactor.
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This study focuses on the electrification of OTMs to heat the membrane surface
locally and thus maintaining an intermediate temperature in the reactor chamber.
As mentioned before, the main property of OTMs is their mixed ionic and
electronic conductivity #*%. BSCF (MIEC material selected for this study) shows a
total conductivity of 30 S-cm™ in air at 650 °C 3¢, Applying a voltage difference
on a BSCF sample leads to the appearance of an electric current that dissipates
energy in the form of heat, commonly known as the Joule effect. This increase in
the membrane temperature gives rise to an increased oxygen permeation while
maintaining the reactor chamber at lower temperatures. Here, the surface-
membrane temperature was controlled (up to 900 °C) by applying different
voltages, regulating the oxygen permeation flux, while the reactor chamber was
preserved at a lower temperature, e.g., 650 °C. Further, the study shows that the
new operation regime enabled by the developed electrified-BSCF membrane
reactor ameliorates the catalytic ODHE performance, reaching higher ethylene
yield than the non-electrified CMR.

5.2. Electrified OTM concept, device and calculations.

The scheme for the Joule effect OTM device is shown in Figure 5. 2. Here, Figure
5. 2a represents the scheme of the electrified-BSCF catalytic membrane reactor (e-
CMR). In order to apply voltage to the capillary membrane, gold wires were
connected at the ends of the catalytic layer. To control the membrane temperature
(Twm) accurately, a thermocouple was attached to its surface, as indicated in Figure
5. 2b. In contrast, an additional thermocouple is located in the middle of the reactor
chamber (Tgr), as shown in Figure 5. 2a. For the non-electrified membrane, the
oxygen permeation depends only on the reactor temperature (Figure 5. 2¢). In the
case of the electrified membrane, the application of voltage will produce local
heating of the membrane, and the oxygen permeation will increase. With this
technique, a maximum temperature of 900 °C on the membrane surface is obtained,

whereas the reactor chamber is maintained at 650 °C (Figure 5. 2d).
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Figure 5. 2. a) BSCF catalytic membrane reactor electrified device; b) current gold
wires connections and the temperature measurement of the membrane; c) Scheme of the
non-electrified BSCF capillary membrane; d) Scheme of the Joule effect through the
BSCF capillary membrane.

For the oxygen permeation studies, the gas flow rate for both chambers, sweep (Ar)
and feed (synthetic air), was 150 mL-min‘*. In the case of the ODHE reaction study,
400 mL-min of a mixture of 10% ethane in Ar and 150 mL-min of synthetic air
were fed to the sweep and feed chamber, respectively. All the tests, permeation,
and reaction were conducted at atmospheric pressure. In order to electrify, i.e.,
locally heat, the BSCF membrane, different electric voltages were applied for 60
min for both oxygen permeation and ODHE reaction experiments. Inlet gas streams
were individually mass-flow controlled. The temperature was measured by two K-
type thermocouples attached, one close to the membrane (Tw) and the other in the
sweep chamber (Tr). Voltage was applied to the membranes by using a Keysight
E36200 Series power supply. The Micro-GC was calibrated with a gas mixture of
11 compounds (Linde): 2% CHa, 9% H>, 9% CO, 1% CO-, 1% C;Ha, 2% C2Hg, 1%
CsHs, 1% CsHs, 1% CsHs, 1% CsHs in No. To calculate the conversion and the

different selectivities obtained, the carbon balance was calculated:
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2N¢Hy 0 = Z(nczHﬁ_aut + neyn,) + Neo, + Nco + 3(Meyng + Ny, + nc31~14) +4ne,, + Neoke
Eq.5.7

Where nc; is the molar rate (mol-mint) for each compound obtained at the outlet of
the CMR. The initial ethane was measured bypassing the catalytic membrane
reactor, and coke formation was obtained from the carbon balance (Eq. 5. 7). Ethane
conversion (Xczre), product selectivity (Sci), and ethylene yield (Ycona) was
calculated by using the Eqg. 5. 8, 5. 9 and 5. 10.

_ _ 2NCyHg oyt .
XCsz = (1 —chzHﬁ_in ) 100 Eq.5.8
i-nci
S, = -100 Eq.5.9
' z(nCZHs,in_nCZHs,out)

YC2H4 = XCZHG ’ SCzH4/100 Eg.5.10

The oxygen permeation under ODHE reaction was calculated by using the
hydrogen (Eq. 5. 11) and the oxygen balances (Eg. 5. 12). Water formation can be
obtained from the hydrogen balance that, in addition, allows to get the oxygen
balance and subsequently, to calculate the oxygen permeation during the ODHE

reaction.
Hydrogen balance:

6nCZH6,in = 6nC2Hé,0ut +4nc,y, + 8nC3H8 + 6nC3H6 +4nc,y, +4ncy, + 6nC4H6 +

2ny, + 2ny,0 Eqg.5.11
Oxygen balance:

Znoz'perm = Znoz,out + choz + Nco + nHZO Eq 5. 12
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Thermodynamic simulations for ODHE were performed using the software
package HSC Chemistry 6.1 from Outotec Research Oy. To obtain the equilibrium
composition of the reactions, minimization of Gibbs free energy was employed.

5.3. BSCF capillary membranes characterization.

The XRD analysis of BSCF capillary membranes (Figure 5. 3a) shows a single
cubic perovskite phase; no secondary phases are detectable 3%, The microstructure
of the catalytic layers was studied by SEM analysis of the cross-section. The BSCF
catalytic layer has a thickness of around 20-30 um and presents an adequate
porosity, as shown in Figure 5. 3b. The CTO catalytic layer presents a lower
thickness, about 10-15 um, and a lower particle size than the BSCF catalytic layer
(Figure 5. 3c¢).

1(a) —Ba Sr05Co°8Fe0203 membrane

Jl.LLAAL_

| Ba,.Sr,.Co,Fe, 0, pattern

Intensity (a.u.)

-|, l'|,.l‘llt

20 3 40 5 60 70 8 90
20 (%)

Figure 5. 3. a) XRD pattern for the commercial BSCF capillary membrane, BSCF pattern
from ICSD- 1257399; Cross-section SEM image of the BSCF membrane coated b) with
BSCF and c¢) with CTO catalytic layers.

5.4. Oxygen permeation studies

First, the influence of the measurement configuration, sweep inside or outside the
BSCF-activated capillary membrane, on the O, permeation flux was evaluated,
Figure 5. 4. At temperatures above 750 °C, lightly lower oxygen flows are obtained
when the sweep is fed inside of the capillary, achieving 3.6 mL-min*.cm at 900
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°C whereas 3.9 mL-min™-cm2 is reached when the sweep side is fed in the outer
chamber. These oxygen permeation values are similar to other BSCF tubular
membranes %4°, This behavior could be ascribed to the absence of a catalytic layer
inside the membrane, as the surface exchange reactions on the sweep side are more
affected than on the feed side **2. At lower temperatures, the surface exchange

reactions are less limited, and both configurations present similar values 142,

T(°C)
950 900 850 800 750 700 650 600

4 ]

Jo, (mL min™ em?)

**

+ Sweep inside
+ Sweep outside 'Y

08 0.9 10 11
1000/T (K™)

Figure 5. 4. Oxygen permeation through the surface-activated BSCF capillary
membrane as a function of temperature for two different configurations: sweep fed inside
(blue points) and outside (black points).

The electrification of the system has been introduced using voltage pulses of 1 hour
(30 minutes at low voltage, from 1 V to 5 V). After these peaks, the voltage was
turned off in order to evaluate possible degradation. The results in Figure 5. 5a do
not show degradation as a consequence of the electrification reaching the exact
value of the oxygen permeation than before applying any potential. Further, the
oxygen permeation and the temperature of the membrane increase gradually with
the applied potential. Stable measurements could be observed when the potential is
applied (both permeation and temperature). Figure 5. 5b compares the oxygen
fluxes obtained in the conventional permeation test with the electrified

measurement as a function of the reactor temperature. As voltage is applied to the
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membrane, it heats up, and the O fluxes obtained are consistent with those obtained
for the non-electrified permeation. Then, by applying 9 V (resulting in 33 W), the
temperature in the membrane increases from 650 °C to 897 °C, reaching a flux of
3.7 mL-mint.cm, The same protocol was followed by changing the configuration,
i.e., the sweep is fed in the inner chamber. In this configuration, the O, flux values
(Figure 5. 5¢) are lower than the corresponding non-electrified process for the same
membrane temperature, reaching 3.2 mL-mint.cm?. All the results for both
configurations are represented in Table 5. 1. Also, the power supply in both
electrified configurations is compared in Figure 5. 5d, giving rise to the same
temperatures for both configurations. From this, it can be inferred that the gas
configuration only affects the oxygen permeation values due to the position of the

catalytic layer %2,

Table 5. 1. Membrane temperature and oxygen permeation for a BSCF-coated capillary
membrane electrified at different voltages.

Current applied
Voltage (V) 0 1 2 3 4 5 6 7 8 9

Sweep outside configuration

1 (A) - 041 081 121 162 204 248 293 317 3.66
Power (W) - 041 162 362 6.48 102 149 205 253 329
Tmem (°C) 650 656 670 694 722 756 793 831 850 897
Jo,

0 | 074 079 093 119 156 202 254 3.02 332 374
(mL-min*.cm™)

Sweep inside configuration

1 (A) - 029 059 093 130 174 218 269 318 3.68
Power (W) - 029 118 280 520 8.60 13.1 188 254 331
Tmem (°C) 650 654 664 682 706 740 776 817 858 898
Jos

081 0.88 098 122 153 181 224 264 295 3.20

(mL-min?t.cm?)
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Figure 5. 5. Configuration sweep outside: a) Oxygen permeation and membrane
temperature for different power applied at 650 °C; b) Oxygen permeation for an
electrified and non-electrified BSCF membrane at different temperatures; Sweep inside
configuration: ¢) Oxygen permeation for an electrified and non-electrified BSCF
membrane at different temperatures; d) Power supply on the membrane and the membrane
temperature reached for both configurations.

So far, the feasible voltage-driven control of the membrane -surface temperature —
and associated O, flux- was demonstrated in the electrified mode. This BSCF
electrified membrane reached 900 °C while the outer reaction chamber remained at
650 °C. In the following, the long-term stability of these electrified membranes

under working conditions is assessed.
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Figure 5. 6. Oxygen permeation stability test in electrification mode for 110 h.

Evaluating the membrane robustness under electrified mode is especially relevant
since the temperature gradient between the membrane surface and the reactor
chamber could cause thermo-mechanical stress and eventually break the
membrane®. The stability of the electrified membrane was studied by applying 9 V
(3.7 A) for 110 h (Figure 5. 6). During the stability test, the temperature and current
remained stable, resulting in a constant oxygen flux of 3.8 mL-min-cm2at 906 °C.
After 110 h of operation, the application of voltage was stopped, leading to a
decrease in both the voltage-induced membrane temperature and permeation flux.
Namely, in the first measurement when the electric current was switched off, the
oxygen flux was initially 1.2 mL-min-t-cm, which, interestingly, is higher than the
one reached in the previous experiments at the same temperature, around 0.76
mL-min?t-cm? (Table 5. 1). From that point onwards, the oxygen permeation
equilibrated until reaching a steady value of 0.55 mL-min*-cm2 after 40 h without
voltage application. This effect can be related to the hexagonal phase formation in
the BSCF structure 3444, The BSCF has two principal crystal perovskite
structures, hexagonal (Space group P65/mmc) and cubic (P m-3m) structures 4445,

The BSCF with cubic structure presents superior transport properties than the
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hexagonal structure. At 850-900 °C, the cubic structure is formed, but when the
temperature decreases, i.e., when the electrical voltage is switched off, the
hexagonal phase starts to grow *. Therefore, the oxygen flux drop is principally
caused by the progressive formation of this hexagonal phase *°. However, B-site

doping with Y and Nb in BSCF can mitigate the formation of the hexagonal phase
46,47

Despite the stable O separation of the electrified BSCF-coated membrane when
applying 3.7 A for 110 h, BSCF is not stable under CO; or reducing atmospheres
such as CHa. Therefore, applying protective layers under CO; environments, such
as CegsGdo202-5 (CGO), to BSCF membranes can effectively mitigate the BSCF
decomposition, as reported by C. Solis et al. 8. In this work, a porous coating of

CeosTho2025 (CTO) was selected to minimize the membrane degradation and
increase the surface catalytic activity. This layer can also act as a catalytic layer

due to the interesting electrochemical properties that the CTO possesses 4%, Then,
the electrification of a BSCF capillary membrane functionalized with CTO was
studied, and the main results are shown in Figure 5. 7 and Table 5. 2.
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Figure 5. 7. a) Oxygen permeation for an electrified and non-electrified BSCF
membrane with CTO layer as a function of the reactor temperature; b) Comparison of the
oxygen permeation obtained with BSCF and CTO-coated capillary membranes as a
function of the membrane voltage-induced temperature when voltage is applied (sweep is
fed in the outer chamber in both membranes).
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Table 5. 2. Membrane temperature and oxygen permeation for a CTO-coated capillary
membrane electrified at different voltages.

Current applied

Voltage (V) 0 1 2 3 4 5 6 7 8 9 10 108

Sweep outside configuration

1 (A) - 024 049 076 107 139 174 210 249 291 331 362

Power (W) - 024 098 229 427 695 104 147 199 262 331 391

Trmem (°C) 651 654 659 669 684 702 723 747 775 803 830 851
Jo, (mL-min

Lem?) 087 090 100 117 145 181 224 270 312 346 371 383

Figure 5. 7a plots the oxygen permeation flux obtained with the membrane coated
with CTO as a function of the reactor temperature for electrified and non-electrified
modes. When the membrane is electrified, the voltage-induced membrane
temperature increases and, subsequently, the oxygen flux. In this case, the
maximum reached temperature in the membrane surface was 851 °C, and the
corresponding oxygen flux was 3.8 mL-min*-cm?, lower than the obtained at
850 °C with the non-electrified membrane. CTO-coated membrane presents higher
O, transport than BSCF-coated membrane when electrified, as observed in Figure
5. 7b, where the oxygen flux is plotted as a function of the voltage-induced
temperature. Notably, the reached heating power for the CTO-coated membrane is
higher than for the BSCF-coated membrane (Figure 5. 8), suggesting that higher
local temperatures might be achieved in the BSCF bulk and the CTO catalytic
porous layer presents better thermal insulation properties due to textural properties

and the associated infrared radiation emissivity %2,
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Figure 5. 8. Comparison of the power supply and the membrane temperature reached for
BSCF and CTO-coated capillary membranes.

5.5. Oxidative dehydrogenation of ethane in BSCF

catalytic membrane reactor

As mentioned above, the oxidative dehydrogenation of ethane (ODHE) is a relevant
chemical process for ethylene production that has gained considerable attention in
the last few years %%, Considering the thermodynamic equilibrium, the O,/CoHs
ratio and the reaction temperature are crucial to boosting the ethylene selectivity
and the ethane conversion. Figure 5. 9a shows the ethane conversion and ethylene
selectivity at the thermodynamic equilibrium for different temperatures and
02/C;Hs ratios. These thermodynamic calculations confirm that increasing the
temperatures and lowering the O,/CHs ratios increases ethylene production. Figure
5. 9b displays the free Gibbs energy as a function of the temperature for the
different possible reactions in the ODHE reactor. Partial oxidation of ethylene has
the most negative energy value, indicating that at high oxygen concentration, the
partial oxidation contribution will become very relevant. Also, the oxidation of CO

is in the same order as the ODHE reaction, and steam reforming of ethylene also
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takes importance at high temperatures (>800 °C). To maximize ethylene yield, the
02/C;Hgs ratio has to be as low as possible, similar to pyrolysis conditions, limiting
conventional catalytic ODHE technologies that use O- as a reactant to some extent.
In this line, OTMs emerge as a potential technology to improve the ODHE
process®30-32,
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Figure 5. 9. a) Ethane conversion and ethylene selectivity at the equilibrium at different
0,/C;Hg ratios at 650 °C, 750 °C, and 850 °C; b) Gibbs free energy at different
temperatures for the main reactions that can occur in the presence of Oz and CzHe.
ODHE reaction was performed using two different membranes and four different
experiments were carried out: BSCF-coated membrane heated at 650 °C
(BSCFes0ec) and 850 °C (BSCFgsoec) and electrified BSCF- and CTO-coated
membranes reaching a temperature of ~850 °C on the membrane surface while
maintaining a temperature in the reactor chamber of 650 °C (BSCFee: and
CTOe¢lect). Table 5. 3 shows the conditions for these four experiments and the

oxygen permeation when ethane is fed into the reaction chamber. Here, it was also

calculated the O,/C,Hgs total ratio and the initial ratio < z Ifz

2H¢(in)

), using the oxygen

flux permeated and the 10% of the Jo as the initial point of contact. The ethane
feeding increases the oxygen-diffusion driving force between both chambers (lower

pO; than Ar), increasing the oxygen flux. The O, permeation results and the
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explanation of the behavior under the different conditions are given in Figure 5.
10).

Table 5. 3. Oxygen permeation, reactor temperature, membrane temperature, and power

supply for the different conditions in the ODHE test. 2 = fozdrea. 92 _ Joz0.01
C2Hg Fcane * C2Hg(im) Fcane

Power
. T Tm - Jo2 0, 0,

Experiment | o supplied . C ] _—

P (°C) (°C) ?\F/)V) (mL:min*-cm?)  C,H, C2Heg(in)
BSCFesoc 643 653 - 0.93 +0.08 0.07 24.10°
BSCFelect 670 854 22.3 8.40 + 0.06 0.65 2.2.107
BSCFgsoc 856 877 - 10.6 £ 0.2 0.83 2.8.10%
CTOe¢lect 674 871 35.9 109+0.1 0.88 2.7-107?
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Figure 5. 10. Oxygen permeation and membrane temperature under ODHE reaction tests
for the BSCF coated membrane: a) non-electrified membrane at 650 °C and 850 °C and b)
electrified membrane.

The results for the ODHE reaction with the different evaluated membranes,
electrified and non-electrified, are shown in Figure 5. 11. Figure 5. 11a plots the
variation of the selectivity to ethylene as a function of the ethane conversion. In
contrast, Figure 5. 11b shows the selectivities for all the reaction products generated
during the catalytic test for the four performed experiments. The highest ethylene

selectivity is obtained for BSCFeso-c, whereas the obtained conversion is the lowest,
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corresponding to low O2/C;Hs ratios and low reaction temperature (see Figure 5.
9b and Table 5. 3). On the opposite, BSCFssocc presents the highest ethane
conversion and the lowest ethylene selectivity as predicted by the thermodynamic
calculations at high reaction temperature and high O./C;Hs ratio (whereas an
important selectivity to secondary products such as CO, CO,, and CHy. is observed).
However, the ethylene yield obtained for both membranes did not reach more than
10%. Regarding the performance of the electrified experiments with both
membranes, higher ethylene yields are obtained, reaching values of 30% and 40%
for CTOelect and BSCFeieet, respectively. In the case of the electrified membranes,
the production of CO,, CO, and CHy is relevant in contrast with the corresponding
selectivities observed at the BSCFgsoec, in which the ethylene selectivity is ~100%.
This difference in the selectivity is in line with the higher average O./C;Hs ratio
(one order of magnitude higher) in the electrified membranes, while the nominal
temperature in the outer reactor chamber remains similar for the three experiments.
The superior catalytic performance of the electrified membrane reactors could be
related to the combination of (1) the distributed oxygen dosing along the reaction
coordinates and (2) the temperature gradient between the bulk gas stream (~670
°C) and the catalytic membrane coating (850 °C), acting as ODHE catalyst and

oxygen-delivery surface.

The O,/C;Hs obtained in the electrified experiments is very similar to the BSCFgsoec,
and the difference in the performance can not only be explained by the temperature
difference. As oxygen permeation is distributed along the active membrane length,
the O./C;Hs ratio progressively increases. Thus, to obtain a more accurate O2/CoHs
ratio in the ODHE reaction, two different ratios were calculated: (1) at the reactor
inlet, taking into account the C,Hg fed in the reaction chamber (O2/C>Hs(n)) and (2)
at the reactor outlet considering the C>Hs concentration (O2/C2Hsou) Obtained in

the GC analysis.
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Figure 5. 11. a) Ethylene selectivity as a function of ethane conversion for BSCF

without electrification at different temperatures, 650 °C and 850 °C (BSCFeso-c and

BSFCssoec), and BSCF electrified at 850 °C (membrane temperature) with different
catalytic layers, BSCFeiect and CTOelect; b) Product selectivities and ethane conversion for

the different conditions: BSCFeso-c, BSCFelect, BSFCagso°c and CTOelect.

Figure 5. 12a plots both O./C;Hs ratios in the inlet and outlet of the reactor. In the
outlet of the reactor, the obtained ratio for BSCFgseec is almost one order of
magnitude higher than for the electrified membranes, which can explain the better
performance of the latter. Figure 5. 12b compares other ratios of interest in ODHE
reaction for the different conditions, Ha/CoHereac and H2O/CyHg reac. Both ratios
indicate the extent of the partial oxidation of the ethylene, the thermal cracking of
ethane, and steam reforming. In the case of BSCFgsoec, the H2O/CoHg reac ratio is
higher than 1, indicating that ODHE is not the main reaction taking place. Also, the
presence of H indicates that partial oxidation and water gas shift are produced.
BSCFssoec reaches the highest H./CoHereac indicating that thermal cracking is
produced. In the case of the electrified membranes, the BSCFeec: Shows an
H>O/C2He reac ratio closer to 1, indicating that ODHE is the main reaction. Here, the
presence of H,, CO, and CO; suggests that other reactions, such as partial oxidation
and water gas shift, occur. On the other hand, the CTOeect presents the highest
H20/C2Heg,reac, and O2/CzHeour ratios suggesting an essential contribution to the

partial oxidation reaction.
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In summary, Figure 5. 12¢ plots C;Hs conversion and C,H4 selectivity as a function
of the O2/C,Hg ratio in the outlet. CoHs conversion increases with the O,/C,Hs ratio
and the reactor temperature, whereas the opposite trend is observed for C;Ha
selectivity in line with Figure 5. 11a. The electrified membrane reactor enables it
to reach conditions, i.e., temperature and O2/C2Hs ratio, maximizing C2Hs yields.
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Figure 5. 12. a) 0,/C;Hg ratio at the beginning and the end of the membrane for the
different conditions in ODHE reaction; b) Ha2/C2Hs, reac and H2O/C2He, reac for the different
conditions in ODHE reaction; c) C;Hs conversion and C,H4 selectivity at different
0,/C;Hgs at the end of the membrane for the different conditions.

5.6. Post-mortem characterization.

Finally, the structural and microstructural stability of the different membranes was
characterized after the oxygen permeation and the ODHE reaction tests. It should
be mentioned that the BSCF membrane with the CTO catalytic layer broke at the
end of the experiment. On the other hand, the BSCF membrane with the BSCF
catalytic layer was in perfect condition, Figure 5. 13. The main difference between
both membranes was the power supplied to achieve 850 °C on the membrane
surface. Namely, 22.3 W is for the BSFC-coated membrane, and 35.9 W is for the
CTO-coated membrane with a CTO catalytic layer.
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Figure 5. 13. Camera image for the catalytic membrane reactors after ODHE test: a)

BSCEF catalytic layer; b) CTO catalytic layer.
XRD measurements of the spent catalytic layer and the bulk membranes were
performed separately by scratching the catalytic layer and measuring it and, then,
grinding part of the membrane after removing the catalytic layer. In the case of the
BSCF membrane with a BSCF catalytic layer, no secondary phases and/or
impurities are detected in Figure 5. 14a. For the CTO-coated membrane, the
presence of a minor secondary phase was detected, which might be attributed to the
BSCF hexagonal phase according to the literature (Figure 5. 14b) 5354, Some minor
guantities of CTO remain in the BSCF membrane after scratching the catalytic
layer, as shown in Figure 5. 14b.

The microstructure of the membranes was studied by SEM. Some particle sintering
and agglomeration of the catalytic layer are observed in the BSCF-coated
membrane (Figure 5. 15a-b). In addition, within the occluded pores (Figure 5. 15c-
d), some filamentous morphology may correspond to the BSCF hexagonal phase
that appears at temperatures below 900 °C %%, The formation of this secondary
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phase is related to the lowering of the oxygen permeation at 650 °C after

electrification in the oxygen permeation stability test.
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Figure 5. 14. XRD patterns after permeation and ODHE reaction tests: a) BSCF
catalytic layer and membrane; b) CTO catalytic layer and BSCF membrane. ICSD codes:
193171 (CTO) and 1257399 (BSCF).
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Figure 5. 15. Cross-section SEM image for the BSCF capillary membrane after
electrification and ODHE reaction; a) Membrane and catalytic layer; b) BSCF catalytic
layer; ¢) occluded pore inside the bulk of the BSCF membrane; and d) magnification of

the occluded pore surface.
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In the case of the CTO-coated membrane, densification and detachment of the
catalytic layer are observed (Figure 5. 16a-b) and could explain the lower
permeation obtained under electrified conditions. The observed delamination could
also be attributed to the different thermal expansion coefficient (TEC) of the
catalytic CTO layer and the BSCF membrane, 11.4 and 16-20-10° K™, respectively

5738 The electrification for this membrane likely led to higher temperatures in the

BSFC bulk, leading to more extensive sintering in the catalytic layers. Also, in this
case, this secondary phase was present within the occluded porosity and throughout
the membrane bulk (Figure 5. 16¢-d). This secondary phase is similar to the CoO
phase, indicating that the membrane temperature was locally close to 1000 °C5>%¢,
These impurities could be formed when the membrane collapsed during the ODHE
reactions, Figure 5. 13b. Two different phases can be observed in the CTO layer
using secondary and Inlens detectors (Figure 5. 16e-f) related to the high-
temperature cobalt diffusion into the CTO catalytic layer also observed by XRD.

B BRSNS
Figure 5. 16. Cross-section SEM image for the CTO capillary membrane after
electrification and ODHE reaction; a) Membrane and catalytic layer; b) CTO catalytic

layer; ¢) BSCF membrane bulk with SE2 detector; d) BSCF membrane bulk with InLens

detector e) CTO catalytic layer with SE2 detector; f) CTO catalytic layer with InLens
detector.
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5.7. Conclusions.
The electrification of a BaosSrosCoosFeo20s.5-based oxygen-transport membrane
enabled the in-situ heating via the Joule effect. This method facilitates (1) the
membrane temperature control independent of the temperature of the surrounding
bulk gas stream and (2) the control of the oxygen flux through the membrane. For
a capillary membrane coated with a porous BSCF catalytic layer, 900 °C was
achieved on the membrane surface while the outer reactor chamber remained at 650
°C by applying a current along the capillary and reaching an electric power of 33
W. Moreover, the membrane under electrified mode showed very stable oxygen

permeation flux for >100 h.

The electrification effect was studied on a membrane coated with CeogTho 2025
(CTO), acting as a protective barrier and catalytic layer. In this case, the protective
layer also affects the thermal regime reached, reaching a lower temperature on the
membrane surface, i.e., 850 °C instead of 900 °C, for the same current applied (3.7
A). This membrane was more affected by the diffusion limitations during the
permeation test, obtaining a different oxygen permeation when the sweep gas was
increased from 150 NmL-min to 400 mL-min, rising from 3.7 mL-min*.cm?to
5.2 mL-mint.cm?, respectively. This effect was explained by the sintering of the

catalytic layer, decrementing the surface-exchange reaction rate.

The electrified membrane reactors show superior ODHE catalytic performance.
The ethylene yield was 4-fold improved through the BSCF-membrane
electrification, i.e., from 10% to ~40% o. In electrified conditions, the selectivity
to secondary reactions is significantly reduced compared to ODHE at 850 °C -
conventional heating-. Differentiated O»/C,Hs ratios during the ODHE reaction
could be reached via electrification, reaching balanced O,/C;Hs ratios to mitigate
partial oxidation reactions, preserving the ethylene selectivity. The electrified

membrane reactors effectively combine (1) the distributed oxygen dosing along the
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reaction coordinates and (2) the temperature gradient between the bulk gas stream
(~670 °C) and the catalytic membrane coating (850 °C), acting as ODHE catalyst
and oxygen-delivery surface. Electrified oxygen transport membranes hold great
potential for ODHE reactors due to the adjustable thermal regime and the control
of the O,/C;Hgs ratios. This reactor concept can be applied to membrane processes,

opening new avenues for electrification of the chemical industry.
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6. Effect of conductivity in chemical
looping methane reforming using doped

ceria as an oxygen-carrier catalyst

6.1. Chemical looping methane reforming

As was mentioned in the introduction, thermochemical looping processes used the
high temperatures (1400 — 1000 °C) reached in concentrated solar power plants to
drive redox reactions of metal oxides that enable the production of syngas via H.O
and CO; splitting 2. An alternative to this redox scheme relies on using a reducing
gas (methane or biogas) in the first step, which greatly decreases the operating

temperature .

Ceria is considered the state-of-the-art material in solar-driven thermochemical
syngas production based on its high stability over prolonged and repeated cycling
and fast CO; and H,0 splitting kinetics, with more than a decade of research and
development 112, In terms of material development, several attempts have been
made to increase the oxygen-carrying capacity of ceria, lower the operation
temperature, and improve the POM kinetics. For this purpose, four main strategies
have been pursued: a) metal cation-doping in the bulk 23 b) surface
functionalization with a metallic nanoparticle catalyst 24, ¢) incorporation of an
additional bulk oxide to form dual-phase composites 2#%, and d) engineering of
porous ceramic structures (additive manufacturing) 22’. In some cases, some of
these approaches have been combined together 282°, The incorporation of metallic
nanoparticles such as Ru ¥, Rh 2%, or Ni 28 has enabled faster POM Kkinetics due to

the metal’s high catalytic activity towards POM. However, Warren et al. recently
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demonstrated that the POM Kkinetics of pure ceria can be boosted by initiating the
reaction over oxygen-deficient ceria 3. This strategy also had a remarkable impact
on the syngas selectivity, which approached values close to 93% 3. The rationale
behind this enhanced activity relies on the surface vacancy-mediated nature of the
POM reaction mechanism?®2, Based on this fact, the formation of oxygen deficiency
via metal cation doping could also exhibit similar effects in terms of improved POM
performance, which eventually may increase the overall solar-to-fuel process
efficiency. Based on the aforementioned trend, the majority of literature on metal-
cation doping has focused on tetravalent cation doping (e.g., Zr or Hf) %%,
Tetravalent dopants promote the formation of intrinsic vacancies that allow for a
higher oxygen-carrying capacity, which can increase the total yield of fuel
produced during the CO,/H,0 splitting step *. On the other hand, trivalent dopants
introduce extrinsic oxygen vacancies in the bulk that enhance oxygen diffusion,
improving the CO; splitting reaction rates *. Lanthanide-doped cerias have been
widely studied in the Solid-State lonics community 3. Trivalent acceptor dopants
(e.g., Gd-doped ceria) have been employed in Solid-Oxide Cell devices due to their
high ionic conductivity 3. Extensive data can be found in literature correlating the
nature of the trivalent dopant with physicochemical properties, such as the total
conductivity, in which a volcano-plot trend was observed with the dopant ionic

radii .

However, few works connect these fundamental insights with redox exchange
activity in other relevant processes, such as solar-thermochemical fuel production,
chemical looping, or other thermo-catalytic processes at high temperatures 3,
For this purpose, herein we investigate the impact of lanthanide cations
incorporation in ceria and its impact on CLR. The objective was to study the
influence of the dopant ionic radium on the CO; splitting kinetics. The rationale
behind the work is to alter the CeO, structure to improve the conductivity, which

might, in turn, increase the ionic diffusion and, eventually, the CO, splitting
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kinetics. Our results indicate a correlation between the total conductivity and
dopant ionic radius on the CO; splitting kinetics. Our work aims to shed light on
the dopant’s role in the CLR process and can be used to rationally design more
efficient redox materials by controlling the defect concentration and oxygen-ion
conduction, hence enabling more efficient fuel production.

6.2. Sample preparation

The redox materials, Ceoglng102-5 (Ln: Y, La, Nd, Gd, and Er), were synthesized
by modifying the Pechini method. The precursors used were: Ce(NOs)s-6H,0 99%
(Sigma Aldrich), Y(NOs3)s:6H.0 99.9% (ABCR), La(NOs)3-6H.0 99.9% (Sigma
Aldrich), Nd(NO3)s-6H,0 99.9% (Sigma Aldrich), Gd(NOs)3-6H20 99.9% (Sigma
Aldrich) and Er(NOs)3-5H20 99.9% (Sigma Aldrich). The materials were finally
calcined to 1000 °C for 5h, using a heating and cooling rate of 2 °C/min.

Commercial CeO- (Sigma Aldrich) was used as a benchmark in this study.

6.3. Structural properties of lanthanide-doped ceria

The synthesized materials were characterized by XRD, represented in Figure 6. 1a.
The lattice constant as a function of the radius of the dopant (Figure 6. 1b). All the
samples exhibit the diffraction peaks similar to the CeO; cubic fluorite phase
(Fm3m). No impurities or secondary phases were detected, confirming a pure phase

for all the samples analyzed (Figure 6. 1a).
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Figure 6. 1. a) X ray diffractograms of commercial CeO, and as-synthesized Ceo.gLno.10>-
5 powders; b) Cell parameter, a, of the trivalent doped ceria samples versus ionic radium
of the dopant.

The cubic lattice parameter, a, of each sample was calculated via Rietveld
refinement (represented in Figure 6. 2). As expected, the displacement in the
diffraction peaks is related to the ionic radius (Ri) of the lanthanide dopant,
indicative of a solid solution (Figure 6. 1b). A lattice shrinkage was observed when
doping with Er and Y (5.4073 and 5.4095 A, respectively), whereas an expansion
of the fluorite crystal lattice was obtained with Nd- and La-doping (5.4297 and
5.4387 A, respectively). Gd-doped ceria presented a slight displacement (5.4178
A), with a cell parameter closer to the undoped ceria (5.4111 A). The CeY91 cell
parameter value is in the same range as CeO2, while CeGd91 shows a slight lattice
expansion. It will be shown later that the cell size can have profound implications

for the redox properties of these materials.

Furthermore, the specific surface area was determined via the BET method (N2
adsorption-desorption) for the samples treated at the same temperature (25 °C), and
the results are shown in Table 6. 1. BET values increase when the lattice constant
increases. The samples doped with larger cations exhibit lower sinterability, which
may be related to lower cation mobility during the sintering process “*2,
Specifically, high surface areas were observed for CeLa91 and CeNd91, being 4

times larger than the other materials in this study.
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Table 6. 1. Summary of ceria-based materials synthesized and sintered at 1000 °C for 5 h.

Formula Dopar(%\;adlus (/2) (nﬁg-EgT'l)
CeEr91 | CeogEro10105 1.004 5.40734  +0.00005 2.77
CeY91 Ce09Y0101.05 1.019 5.40953  +0.00004 2.04
CeO2 Ce0O2 - 5.41109 +0.00003 2.82
CeGd9l | Ce9Gdg 10195 1.053 541784 +0.00004 3.00
CeNd91 | Ceo9Ndo.10195 1.109 542968 +0.00006  13.34
CeLa91 | CepglagiO1ss 1.160 543869 +0.00006  13.84

6.4. Chemical looping reforming experiments

The chemical looping reforming tests were carried out in a fixed-bed reactor
(Figure 2. 10). For each test, 250 mg of sample were pressed in a pellet, crushed
and sieved between 200-400 um. Each chemical looping reforming test consisted
of three cycles of reduction and oxidation with methane and CO,, respectively, for
the doped and undoped samples, maintaining the same temperature (Figure 6. 3a).
First, the material was heated up to 900 °C in Argon using a heating rate of 5
°C/min. The total flow rate was 100 mL-min*. The reduction step was performed
under a 5% CH.-Ar (Praxair) atmosphere, whereas the oxidation was carried out
under 5%CO2-Ar atmosphere, obtained by mixing pure Ar with a calibrated
mixture of 15% CO; in Ar (Praxair). Each step had a duration of 5 min, with purging
steps of 2 min using pure Ar in between. The redox cycle was repeated three times
at each temperature, from 900 °C to 750 °C, with decreasing steps of 50 °C (Figure
6. 3b).
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Figure 6. 3. a) Schematic of the gas flow compositions used in each of the chemical
looping cycles for each temperature; b) Schematic of the temperature program used for
the chemical looping reforming test.

To analyze the product gas composition, a Thermostar mass spectrometer (Pfeiffer
Vacuum) was used. Prior to the CRL test, the mass spectrometer was calibrated to
guantify the fuel produced. The calibration was done with a gas mixture of 1% Hs,
1% CO, 1% CHya, and 1% CO; balanced in Ar (Linde). The mass-to-charge ratio of
m/z=28 required correction because of the CO; contribution. Thus, a factor for the
m/z=28 mass in CO, was extracted from the CO and CO; signal in the experiments
(see Eqg. 3). The calibration was further confirmed by feeding calibrated gas
mixtures, e.g., 15% CO, and Ar (two-point calibration was used). When all signals
were stable, the correction factor, f, was obtained for m/z=28 related to the CO;

contribution as shown in Eq. 6. 3:

f="1s Eq. 6.3

Mgy

Here, Mg is the signal for the mass-to-charge ratio 28, and Ma. is the signal for the

mass-to-charge ratio 44. Once f has been estimated, the CO signal can be corrected

as follows:

Mco = Mpg = f - My, Eq. 6.4
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Where Mco is the mass to charge ratio of CO. For the other mass to charge ratios
we used: m/z = 2 (My) for the Hz, m/z = 15 (M3s) for the CH4 and m/z = 44 (Maas)
for the CO..

CO selectivity (Sco) in the reduction step was calculated according to the following

equation:

_ __Ico]
" [col+[C0,]

Sco Eq.6.5
where, [CO] and [CO2] are the production of CO and CO,, respectively, during the
5 min reduction step in CHa. The products productions ([CQO], [Hz] and [CO2]) in
each step was calculated with the integration of the product curve by each step time
(5 min).

The gas production in both steps was normalized with the amount of redox catalyst,

i.e. CO production in the splitting of CO2:

CO production = —<2 (ml/g) Eqg. 6.6

Mcatalyst
Where, [CO] was the total production of CO and Mcatalyst is the quantity of catalyst
in the reactor. The same calculations were done in the reduction step for the
products in that step: [H2], [CQO], and [CO].

For these tests, each oxide was subjected to three redox cycles at four different
temperatures (900 °C, 850 °C, 800 °C and 750 °C). The objective was to understand
both the effects of metal cation doping and operating temperature on the syngas
production and CO, splitting. For example, Figure 6. 4 shows a test of three
consecutive redox cycles conducted at 900 °C for CeNd91. The gas production rate
is normalized with the oxide sample mass to compare all the different redox

materials. Upon methane injection, the material produced syngas via methane
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partial oxidation, while CO, resulted from the overoxidation (full combustion) of
methane reacting with surface oxygen species.® After purging the reactor with Ar,
a sharp peak of CO is produced upon CO; injection in the reactor, confirming the
ability of these materials to split CO, . The reaction profile (Figure 6. 4) is
reproducible along the three redox cycles conducted with minor differences in the
gas peak production values for the POM reaction, whereas CO; splitting was
remarkably stable.

25 1 1 n 1 " 1 n 1 1 1 I 1 " 1
—CH,
L —CQ,
W ——CO

Gas production rate (mL-min™-g”)

Figure 6. 4. Methane partial oxidation and CO>splitting cycles for CeNd91 at 900°C.
Each chemical looping test consists of three redox cycles.
In Figure 6. 5 and Figure 6. 6, each temperature step is zoomed out, illustrating the
gas production rates during the reduction step (Figure 6. 5) and during the oxidation
step (Figure 6. 6). In the reduction step, methane reacts with surface oxygen species
emerging from the CeLn91 bulk, leading to the partial reduction of certain Ce*

cations with the concomitant formation of oxygen vacancies. Besides the POM
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reaction (Eg. 1. 7), two more possible side reactions can take place in the reduction

step:
=CH, + Ceqgling; 0105 = 5C04 +2Hy0 + Ceqolng 101055 Eq. 6.7
CH, - C(s) + 2H, Eq. 6.8

The complete combustion of the methane (Eq. 6. 7) implies the reaction of methane
with the oxygen species chemisorbed on the ceria surface. This reaction is
controlled by the availability of surface oxygen species; thus, a higher surface area
will lead to a higher amount of CO, coming from complete combustion. ** Next,
POM starts producing syngas (CO + Hy), (Eq. 1. 7). In this selective reaction, the
catalytic mechanism involves the solid-state oxygen-ion diffusion through the ceria
lattice. # This reaction is slower than the complete combustion, where highly
reactive chemisorbed oxygen species quickly react with methane in an unselective
manner. ¥4 When POM is the predominant reaction, the Ho/CO ratio equals 2. A
ratio higher than 2 is indicative of methane decomposition, in which coke and
hydrogen (Eg. 8) are produced. Figure 6. 5 shows that, upon CH, injection, a sharp
CO; peak forms, which rapidly decreases (note here that the H,O signal is not
shown since it could not be analyzed quantitatively), followed by the production of

syngas.

For the CeNd91, H, production rates of 4.4, 1.4, 0.6, and 0.3 mL-min*-g™* were
achieved at 900 °C, 850 °C, 800 °C, and 750 °C, respectively. This illustrates the
effect of temperature on the POM kinetics and reduction extent, which decreases

by an order of magnitude at 750 °C with respect to its value at 900 °C.
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Figure 6. 6 shows the CO production rate ascribed to the splitting of CO at the four
different temperatures (900-750 °C) tested. Upon the reoxidation of the catalyst,
the CO achieves maximum productivity before the catalyst is fully oxidized (CO
peak rate). This CO peak rate is related to the kinetics of the CO, splitting reaction,
which is controlled by the oxygen-ion diffusion through the ceria lattice. In this
case, the peak of CO production is 22.5, 18.7, 15.3, and 10.9 mL-min*-g* at 900
°C, 850 °C, 800 °C, and 750 °C, respectively. Like POM, the gas production rates
decrease with temperature, which is ascribed to kinetics (via defect diffusion) of
the formation of extrinsic oxygen vacancies (i.e., additional oxygen non-
stoichiometry, ¢ in CeyqLng,0195-s) participating in the CO, deoxygenation
reaction to form CO gas. This process is similar for all the samples (see Figure 6. 7

to Figure 6. 12).
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Figure 6. 7. Gas production curves for one chemical looping cycle for the CeEr91 sample
at each temperature. Top: Products for the Reduction step with CH. reforming; Bottom:
CO production from the oxidation step on the splitting of CO..
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Figure 6. 8. Gas production for one chemical looping cycle for the CeY91 sample at each
temperature. Top: Products for the Reduction step with CH4 reforming; Bottom: CO
production from the oxidation step on the splitting of CO..
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Figure 6. 9. Gas production for one chemical looping cycle for the CeO2 sample at each
temperature. Top: Products for the Reduction step with CH4 reforming; Bottom: CO
production from the oxidation step on the splitting of CO,.
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Figure 6. 10. Gas production for one chemical looping cycle for the CeGd91 sample at
each temperature. Top: Products for the Reduction step with CH4 reforming; Bottom: CO
production from the oxidation step on the splitting of CO..
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Figure 6. 11. Gas production for one chemical looping cycle for the CeLa91 sample at
each temperature. Top: Products for the Reduction step with CH4 reforming; Bottom: CO
production from the oxidation step on the splitting of CO,.
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6.5. Impact of dopant ionic radius on POM reaction

As depicted in Figure 6. 4, two reactions are taking place during the reduction step:
the complete combustion of the methane (Eg. 6. 7) and the partial oxidation of
methane (Eqg. 1. 7). Considering that the reaction of interest is the partial oxidation
of methane, the selectivity toward CO production should be ideally as high as
possible, minimizing the undesired CO, formation. The production of hydrogen is
represented in Figure 6. 12a. The highest H, production was reached for the pure
ceria, producing: 17.1, 8.5, 4.3 and 2.4 mL-g™ at 900 °C, 850 °C, 800 °C and 750
°C, respectively. It can be observed that at 900°C the highest H. production is
obtained for CeNd91 and CelLa91, with 16.6 and 13.9 mL-g?, respectively.
Moreover, the highest production is related to the material with the highest ionic
conductivity, CeNd91.45. The production of CO (Figure 6. 12b) is ca. half the H;
productions (Figure 6. 12a), and the specific H./CO ratio, typically <2, is plotted in
Figure 6. 12c.

Figure 6. 12d depicts the calculated CO selectivity (Sco, see Eq. 6. 5) values for all
the temperatures and materials tested in this study. Figure 6. 12a shows that the
lanthanide-doped ceria samples exhibit lower Sco values than the undoped ceria.
The latter shows Sco values of 82.8, 80.5, 76.9 and 72.3% for decreasing
temperatures from 900 °C to 750 °C. For the CeLn91 materials, the highest CO
selectivity is for CeGd91 and CeNd91, with 79.3 % and 80.1%, respectively, at
900°C respectively. For all the tested materials, Ho/CO ~ 2, which confirms that

secondary reactions are suppressed.

183




Development of high temperature MIEC catalytic reactors for energy conversion and

184 storage applications

a) b)
20 I 500 *CH 50 *CH 500 °CH 750 °C 10+ 900 °C| 850 °C 800 °C| 750 °C
Bl
— =
T o
s 2 ° ‘
= E
- 6 1
c o
o 104 1=
= [% 44 4
5] S
> o
T 5] | ©
; : |
o O
T o R A © PR A N o LG =N
¥ 5
) G e cLaC & d) e o F 7 e ®
30" 900°C + 850°C 4 800°C v_750°C 100 N 900 °CJRN 850 °CJNN 800 °CJNN 750 °C
25-
Er Y Ce Gd Nd La ez
(@ R A S 4 e
5] 20 i i = ‘ i s
EN A 8
.
151 n
1.04— g ’ v .
540 541 542 543 544 A A A 2 A \
o o o o o o
@ & S N
Cell parameter (A) B @ o o e
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The lower selectivity of CO observed for CeLn91 compared to CeO: is ascribed to
an increase in the rate of the complete combustion reaction. Complete combustion
in the chemical looping of methane can be directly related to the availability of
surface-adsorbed oxygen species on the oxide material #*#*, These oxygen species
are less constrained than that emerging from the bulk, so they react faster, hence
promoting overoxidation. The oxygen availability is, in turn, related to two aspects:
(i) the specific surface area and (ii) the adsorption properties of the surface, i.e., the
surface concentration of adsorption sites for active oxygen species and the
adsorption enthalpy. In section 3.1, an increase in the specific surface area for the
larger dopant cations was observed (Table 6. 1). Interestingly, we observe that the
CeLn91 with a larger ionic radius also exhibits a higher production of CO, (Figure
6. 13a), which could be associated with a higher specific surface area “*4® In
general, all the CeLn91 materials tested produced more CO; than the undoped ceria.
Figure 6. 13b presents the CO; production for CeO- in comparison with that of
CeY91 and CeEr91, the latter exhibiting lower surface area than CeO.. Both doped
ceria samples produce more CO; than CeO,. The intrinsic oxygen vacancies in
CeLn91 improve the kinetics of the reaction of complete combustion of methane
(Eg. 6. 7) and produce more CO2, and this is ascribed to the role of these vacancies
acting as additional sites that facilitate the oxygen adsorption and, thus, boosting
the surface concentration of active oxygen species. An increase in the complete
combustion reaction directly produced a decrease in the selectivity of CO, Figure
6. 12c.

6.6. Impact of dopant ionic radius on CO: splitting

reaction

In the previous section, it was observed that for the POM reaction, CeLn91
improves the surface kinetics compared with CeO,, and the extent to which this
step is influenced by the nature of the dopant was studied, since lanthanide doping

may influence both bulk and surface reaction steps %'. In this section, we will pay
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attention to the effects of lattice properties variations on the CO; splitting reaction.
Figure 6. 14a shows the CO production by CO, splitting for each material in the
750-900 °C temperature range. Opposite to the POM reaction, a linear trend
between the CO production and the dopant radius cannot be inferred. Here, the
highest CO production is achieved for the CeLn91 with larger doped lanthanides:
CeNd91 and CelLa91 equal to 17.0 and 15.7 mL-g™, respectively, values at 900°C.
The lowest production is reached with the non-lanthanide doped ceria, CeY91, with
a CO production at 900 °C equal to 10.1 mL-g*. The CO production in this step is
directly proportional to the reduction step, i.e., the capacity of abstracting oxygen
from CO- is associated with both surface vacancies and intrinsic oxygen vacancies
formed in the oxide bulk during the reduction step. Therefore, the specific surface

area is a relevant aspect in total reaction productivity.*
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Figure 6. 14. a) CO production during CO; splitting for CeLn91 (Ln: La, Nd, Gd, Ce, Y,
and Er) at 900 °C, 850 °C, 800 °C, and 750 °C; b) CO; splitting peak rates for CeL.n91
(Ln: La, Nd, Gd, Ce, Y, and Er) at 900, 850, 800 and 750°C versus the cell parameter
measured at room temperature.

Even so, the kinetics of the CO; splitting reaction were not directly related to the
surface area in these materials but to the oxygen-ion diffusion through the ceria
lattice. Sediva et al. showed that if the ceria is doped with a tetravalent dopant, the
CO production is increased, but the kinetics worsens in the splitting of CO, 3. In

the same study, these authors showed that trivalent dopants enabled the



Chapter 6: Effect of conductivity in chemical looping methane reforming using doped ceria as an
oxygen-carrier catalyst

improvement of the CO. splitting kinetics at the cost of decreasing the CO
production with respect to CeO, *2. The CO peak rate results for all the temperatures
assayed are represented in Figure 6. 14b. To shed light on this aspect, Figure 6. 14a
represents the CO peak (height) rate at 900°C as a function of the cell parameter.
A volcano plot trend can be observed, with a maximum for the CeGd91 (23.0
mL-min?-g?). CeO, has the lowest CO peak rate values, indicative of slower
kinetics, evidencing the benefits of trivalent dopants in the catalytic promotion of
CO; splitting kinetics 33,
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Figure 6. 15. a) CO peak rate for CeLn91 (Ln: La, Nd, Gd, Ce, Y, and Er) from CO,
splitting at 900 °C and total conductivity at 700°C and oxidizing conditions from ref. %,
cell parameter at room temperature; b) CO peak rate for CeLa91, CeEr91, CeNd91 and

CeGd9l versus their total conductivity at 700 °C in air.

Interestingly, similar volcano plot tendencies have been observed with other
physicochemical properties for these lanthanide-doped ceria materials. Namely, a
correlation between the total conductivity of CeLn91 (Figure 6. 15a) and the size
of the dopant and/or the cell parameter, yielding the same maximum for CeGd91
(Figure 6. 15a), was already reported in literature 34748, It was also reported that
when the cell parameter of a doped ceria material is close to the cell parameters of
CeO,, the oxygen-ion conductivity of the material reaches a maximum®. This is
related to a minimum achieved in the activation energy of oxygen vacancy
formation*. The CeGd91 has, in this study, a cell parameter of 5.4176 A (as
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estimated in this study), whereas it is 5.4112 A for CeO, (Table 6. 1). These values
are well aligned, suggesting that CeGd91 exhibits the highest total conductivity and
the fastest CO; splitting Kkinetics. Indeed, when plotting the CO peak rate (as a
metric for the CO; splitting kinetics) versus total conductivity values found in
literature, a linear relation was observed (Figure 6. 15b), evidencing for the first
time a direct relationship between doped ceria materials ionic conductivity and the
CO; splitting Kkinetics, and the role that the dopant ionic radium has on it. Namely,
the highest mobility of oxygen anions in CeGd91, evidenced by its faster total
conductivity, shows a great benefit in the CO; splitting kinetics.

6.7. Characterization after chemical looping test

The powders were characterized after the chemical looping tests in order to analyze
the possible degradation or decomposition of the different redox materials. First,

the crystal structure was analyzed by X-ray diffraction, as shown in Figure 6. 16.
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Figure 6. 16. a) X-ray diffraction for the different materials after the chemical looping
test; b) Comparison of XRD for CeNd91 catalyst before and after the chemical looping
test.

Figure 6. 16a shows the X-ray diffraction patterns for the CeLn91 redox materials
after the chemical loops. No secondary phases were detected, indicative of non-

degradation in the crystal structure of the redox oxides. CeNd91 was compared
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before and after the redox cycles (Figure 6. 16b). The reflections in both XRD
patterns have the same position, indicating that the material did not change after the
chemical looping steps.

All the materials preserve the initial crystal structure after the chemical looping test,
although some morphological changes were inferred for some of them after redox
cycling. The morphology of all the samples was analyzed before and after the
chemical looping cycles by SEM. Figure 6. 17 and Figure 6. 18 show a comparison
of the pure CeO; and the trivalent-doped ceria materials with better performance

before and after cycling.

CeO, fresh

Figure 6. 17. SEM images of CeO, and CelLa91 before reaction and after reaction.
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CeNd91 After Chem. Loop.

CeGdo1 fresh ' CeGd91 After Chem. Loop.

CeEr91 fresh

Figure 6. 18. SEM images of CeNd91, CeGd91, and CeEr91 before and after reaction.

For the pure ceria sample, there is a remarkable grain growth after the chemical
looping test, Figure 6. 17. This morphological change was reported in previous
works in literature, in which ceria showed a high degree of sintering after chemical

looping %52, In this case, the CeO, sample increased its grain size from 0.1 to 2-3
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um. For all the CeLn91 material, this grain growth is less evident, indicating that
lanthanide doping is an efficient strategy to prevent particle sintering. For example,
the SEM images for CeGd91 before and after the redox cycles test, Figure 6. 18,
show that the grain size for this sample was maintained after the chemical loops.
We ascribed this to Gd-doping acting as a sintering inhibitor. Indeed, Z. Tianshu et
al. reported that increasing the amount of Gd doping content decreased density and
grain size if compared with pure ceria sintered at the same temperature °2. This
behavior is similar for all CeLn91 materials (Figure 6. 17 and Figure 6. 18). This
could indicate that the specific surface area values also remain unchanged after the

chemical looping tests.

6.8. Conclusions.

In this work, a series of 10% lanthanide-doped ceria materials were synthesized to
study the impact of the trivalent dopant on the methane-assisted chemical-looping
production of syngas. All materials were synthesized in pure phases, with the cell
parameter variation in accordance with the dopant’s ionic radius. For the total
amount of fuel produced in both the methane partial oxidation and CO splitting
reactions, we could not infer a direct trend with the size of the dopants. However,
for the CO,-splitting reaction, a volcano-like shape was observed between the CO
peak rate and the lanthanide ionic radius. Interestingly, the same trend was
previously observed in literature for the influence of lanthanide dopants in the total
conductivity of these materials. A linear relationship was then obtained between
the CO; splitting kinetics and the total conductivity. This confirms that oxygen-ion
diffusion correlates with the CO production rate, suggesting the possibility of
tailoring the CO production rate by the right choice of dopants. Namely, Gd-doped
ceria was found to be at the top of the volcano plot for both CO; splitting rate and
total conductivity, ascribed to a lower activation energy for the creation of oxygen

vacancies that, in turn, are the active sites for adsorption of oxygen reaction
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intermediates. In addition, doped-ceria samples preserved the grain size and
morphology upon redox cycling.

Overall, the trends found in this work could open the path to designing more
efficient doped-ceria materials for chemical looping reforming or other

thermochemical processes in which ionic diffusion plays a key role.
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7. Conclusions and remarks

The present thesis focused on studying different approaches to improve the Jo, rates
for traditional OTMs and dual-phase membranes stables in CO,. In addition, the
revalorization of CO, was studied via chemical looping with lanthanide doped ceria

as catalyst. Here are the different conclusions extracted from this Thesis:

Spinel-fluorite in dual-phase membranes

- EIS studies on dual-phase catalytic layers showed a decrease in R, as the
amount of ionic phase in the catalytic layer increases. 20NFO80CTO had
10 times less R, compared with 80NFO20CTO, obtaining 0.117 Q-cm?and
1.162 Q-cm?, respectively.

- In all NFO/CTO-based catalytic layers (excepting 20NFO80CTO), an
important contribution appears at HF (103-104 Hz), related to the poor
conductivity of the NFO (0.26 S-cm™ at 800 °C).

- The results obtained in EIS studies correlated with the Jo, obtained for
different ratios on the dual-phase catalytic layer in 50NFO50CTO
membranes. Here, the membrane with 20NFO80CTO achieves the highest
Jo, (0.202 mL-mint-cm) and 80NFO20CTO the lowest (0.082 mL-min-
L.em?), with closer values to those obtained when operating without
catalytic layer (0.060 mL-mint-cm).

- The lowest activation energy in Jo, was obtained for the same composition
as the membrane (50NFO50CTO), but the second lowest value
corresponded to 20NFO80CTO, 0.78 and 0.84 eV, respectively.

- Substituting NFO for Co.MnO; as an electronic phase in NFO/CTO dual-

phase material, the total conductivity was increased more than 10 times,
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achieving 0.77 S-cm™ for CMO/CTO and 0.07 S-cm for NFO/CTO in air
at 800 °C.

The increase of the total conductivity for the dual-phase membrane
(CMOICTO) leads to higher oxygen-permeation flux values concerning
NFO/CTO membranes with the same dual-phase ratio, 0.22 mL-min*-cm
2and 0.11 mL-mint-cm at 850 °C under air/Ar, respectively.

CMO/CTO was studied under CO, atmospheres, achieving the highest Jo,
under 100% of CO.. 0.24 mL-min*.cm?. Even so, the membrane was
poisoned under 250 ppm SO2/30%CO,/70%Ar, decreasing the Jo, until
0.11 mL-mint-cm after 24 h.

EIS studies on the CMO/CTO catalytic layer showed low interaction with
the CO, in the R, at high temperatures (850 °C), but this interaction
increases at lower temperatures.

Under 10%CH4/90% Ar, the CMO/CTO membrane achieved high oxygen
permeation (1.11 mL-mint-cm at 850 °C). Even so, a part of the exposed
catalytic layer was degraded, which was observed in post-mortem

characterization by SEM analysis.

Electrification of BSCF membranes

202

Bao5SrosCoo.sFeo203-5-based oxygen-transport membrane enabled
the in-situ heating via the Joule effect. A temperature of 900 °C on
the membrane in a reactor at 650 °C was achieved by applying 33 W.
The increase in the membrane temperature was associated with the
corresponding rise in the Jo..

The electrified BSCF-coated membrane showed lower Jo, than the non-
electrified membrane. This effect is correlated with the loss of the catalytic

layer. For this membrane, it was performed a 100 h stability test applying
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33W, achieving around 906 °C membrane temperature and 3.8 mL-min-
L.em2 Jo,.

- CTO-coated membrane showed higher oxygen permeation than BSCF-
coated membrane, but a lower membrane temperature was achieved (850
°C). This effect was related to the catalytic layer's sintering, observed in
post-mortem characterization by cross-section SEM images.

- The electrified and non-electrified membrane reactors were studied
for ODHE reaction. Here, the electrified membranes showed higher
catalytic performance for the ethylene yield than non-electrified
membranes. For the BSCF-coated membrane, the C;Ha vyield
increases from 10% (for non-electrified mode) to 40% (for the
electrified mode).

Ceo.9lnp.102-5 a catalyst in chemical looping

- A series of 10% lanthanide-doped ceria (Ce, La, Nd, Gd, Y, Er) materials
were synthesized, with the cell parameter variation in accordance with the
dopant’s ionic radius.

- During the POM reaction the highest H, production is obtained at 900 °C
for CeNd91, with 16.6 NmL-g?, related with the material with highest
ionic conductivity, CeNd91.

- The oxy-combustion was more present for the CeLn91 catalyst than the
pure ceria. It was related to the availability of surface-adsorbed oxygen
species on the oxide material, higher for CeLn91 than for the pure ceria.

- For the CO; splitting reaction, the different CeLn91 (Ln= Ce, La, Nd, Gd,
Y, Er) showed a volcano-like shape between the CO peak rate and the
lanthanide ionic radius. Interestingly, the same trend was previously
observed in literature for the influence of lanthanide dopants in the total

conductivity of these materials. Here, a linear relationship was obtained
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between the CO. splitting kinetics and the total conductivity on
Ceo.9Lno.10-. 5 materials.

- Gd-doped ceria was found to be at the top of the volcano plot for both CO,
splitting rate and total conductivity, ascribed to a lower activation energy
for the creation of oxygen vacancies that, in turn, are the active sites for
adsorption of oxygen reaction intermediates.

The main objectives of this Thesis were to understand and learn about different
developing technologies to be considered for a greener and more sustainable future.
To secure that future, the reduction of GHG emissions, as well as technologies for
the capture and utilisation of CO,, are fundamental. In this matter, one of the
developing technologies to improve CO. capture will be the oxy-combustion
processes, where the production of pure oxygen is essential. Here, different
technologies have been developed in the past decades. For that reason, these studies
mainly focused on producing pure oxygen via OTMs, developing dual-phase
materials or adding different routes to improve the traditional OTMs. In addition,
chemical looping methane reforming was studied for the revalorization of CO;

streams.

Also, in this thesis, several techniques used in different technologies have been
applied and linked to improve the understanding of the other studies. The first
example is the case of the EIS technique, which is used to characterize the
performance of the electrodes in SOFC or SOEC technologies. Here, it was used to
characterize the behavior of the catalytic layers in dual-phase materials. With this
technique, it was possible to understand and study the better ratio of the NFO/CTO
dual-phase for catalytic layers. Also, it was used to see the interaction with the CO-
in the CMO/CTO study.

For the traditional BSCF capillary membranes, electric current was used in OTMs,

increasing the membrane temperature with the consequent increase in the Jo,. This
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behaviour was also studied in ODHE reaction, showing a relevant improvement.
However, the electrified membranes showed issues with the catalytic layer

regarding sinterization or delamination.

Finally, the correlation of studies of total conductivity in doped ceria (commonly
used as ionic material in several technologies) with chemical looping reactors as
catalysts was achieved. Here, a direct correlation between the total conductivity and
the reaction kinetics on the CO; splitting was observed. These results have enabled
the correlation of redox catalysts with materials investigated in the Solid State

lonics community.
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See you Space cowboy!
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